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SUMMARY
The delamination of two commercially important, but markedly different 
polymer coatings from cathodically protected mild steel has been 
investigated. The conditions of the steel surface prior to coating, 
the nature of the metal-to-polymer bonding, and the failure of the 
coating as a result of lap shear tests has also been studied. The major 
analytical technique employed throughout the work was X-ray photoelectron 
spectroscopy (XPS).
The nature of polybutadiene-to-steel adhesion has been investigated by 
XPS in conjunction with a novel oxide stripping/argon ion bombardment 
technique for interface analysis. It is concluded that the interface 
is more correctly described as an interphase zone, characterised by the 
presence of divalent iron. The locus of failure of polybutadiene coated 
steel has been determined for mechanical and cathodic delamination.
Cohesive failure of the polymer occurred in the former case but when 
polarised cathodically failure occurs in two stages; the interphase 
segregating with either the coating or the substrate. Reduction of the 
substrate oxide was observed and its relevance to the cathodic disbondment 
of organic coatings is discussed.
The kinetics of delamination of a powder sprayed epoxy coating have been 
investigated for a series of substrate pretreatments. In the early stages 
of delamination the disbondment rate varies logarithmically with time but 
soon approximates to a linear dependence which -decreases as interfacial 
path length increases. The concept of a critical disbondment velocity 
for the epoxy/iron oxide system is proposed and model calculations indicate 
that a pH of about 11 is required within the disbondment crevice to sustain 
this failure rate.
Surface analyses have shown that although failure mechanism is essentially 
invariant with surface treatment; as path length increases so does the 
proportion of cohesive failure of the oxide.
A comprehensive mechanism for epoxy delamination,• in the light of both 
kinetic studies and interface analyses is proposed.
(iii)
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11. The Delamination of Polymer Coatings From Cathodically Protected 
Steel Surfaces: The Industrial Background to the Problem.
The traditional means of protecting gas transmission pipelines 
against corrosion is a tar/bitumen wrap around the pipe to a thickness of 
in conjunction with impressed current cathodic protection. The 
tar/bitumen system has several disadvantages, not least poor adhesion 
to the steel line pipe and a proneness to cracking at low strains. To 
improve coatings performance the British Gas Corporation has now adopted 
an epoxy powder coating for its linepipe and associated fittings. Hie 
coating is applied to the pipe in a recently commissioned plant, and after 
installation the butt welded joints can be coated in the field using a custom 
built heating and powder spraying device.
A problem which is encountered when using such a corrosion protection 
system in conjunction with impressed current cathodic proetction, is 
that of cathodic disbondment at any holidays (defects) in the pipe coating.
This phenomenon can be observed as accelerated disbondment of an organic 
coating when the metal substrate is polarised cathodically. Such polarisation 
may be due to an external source, as in this case, or the development 
of discrete anodic and cathodic sites on the coated metal surface.
Very little investigative work has been carried out into the 
mechanism of cathodic disbondment per se, although routine tests are undertaken 
on the delamination of paint films from cathodically polarised panels. Hi is 
test method is usually adopted for two reasons:
(i) the speed of delamination or coatings failure is increased,
(ii) the anodic and cathodic sites can be separated and studied 
independently of each other.
2The past decade has seen a growth in the field of surface analysis, 
(capable of analysing the outer 20-50 K of a material), and the development 
of these techniques into conmercial viability. Such instruments, although 
becoming more generally available are not widely used in coatings 
research, where surface analysis has been employed on such projects it has 
been on an ad hoc basis rather than the central investigative technique.
A survey of the literature apertaining to coatings science and to 
coatings technology over the past thirty years reveals a broad divide 
between the two branches of the coatings scene. Even before the advent 
of surface analysis a rather sophisticated view of the uncoated metal 
surface had emerged. This was based on the principals of surface chemistry, 
heats of adsorption, and degree of coverage, and set out a firm viewpoint 
of the sequencies in the hierarchy of adsorbed layers3. Workers such as 
Fowkes have shown how substituent groups in polymer blends might interact 
with surface groups on metals, and these theories have been applied to 
some sets of experimental results (e.g. 47-49). Generally, however, what 
has been lacking in these situations was the ability to validate these 
hypotheses by direct analysis of the reacting surfaces. By contrast, 
coatings technology has evolved, in a successful way, a host of paints and 
other organic coatings using a wide range of test procedures to measure 
adhesion and the durability of the various formal at ions. The results of 
adsorption chemistry seem scarcely relevant and are certainly difficult to 
apply to such technologically based situations. Surface analysis here 
can provide answers to direct and relevant questions : is the failure 
mode adhesive or cohesive;- has water concentrated at the interface, and 
if so, has the polymer or the oxide been hydrolysed in any way? Are the 
anions or cations of a test medium concentrating in the failure zone? By 
using the technique in this way to serve both the scientific and
I
3technological branches of coatings procedure it should be possible to 
bring the two branches of the discipline together in an exciting way.
The \\ork presented in this thesis has been carried out in an attempt 
to elucidate the mechanism of cathodic disbondment of polymer films 
on mild steel surfaces, special attention being paid to the materials and 
conditions employed by the British Gas Corporation in their pipeline 
coatings programme.
42. Literature Survey
2.1 Introduction
Although organic coatings have been in use since historic times 
as a means of protecting structural materials from environmental 
degradation, the gulf between the science of coatings adhesion and 
the technology of coatings formulation and application has remained 
wide, as described in the previous chapter*
Development work has concentrated on producing a more efficient
coatings system as defined by some empirical test method. The most
widely employed test method in the surface coatings industry is the salt-
spray test; in this test the coated panel is scribed with a cross, such
that the bare metal is exposed, and subjected to a salt fog spray. The
corrosion resistance, or coatings performance being expressed as the
distance of paint delamination from the scribe mark after a given time,
2(the salt fog test has recently been described and the factors effecting
3the results discussed ).
Much of the work carried out has concentrated on the barrier properties 
of polymer films and examinations have been made of free films in an 
effort to elucidate their behaviour. Electrical measurements have been 
widely used to monitor corrosion/delamination of the coating-substrate
4interface. These methods have been reviewed by Wostenholme and more 
recently by Leidheiser . Such methods are useful as indicators of coatings 
performance, and may well relate to their behaviour in service, but it is 
only recently that it has been possible to gain any information about the 
interfacial chemistry of coatings delamination.
Recent years have seen a rapid growth in the use, and application to 
industrial problems, of surface analysis techniques such as X-ray 
photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES). By
5careful use of these methods, greater insight can be gained into 
the adhesion of organic coatings to metal substrates and the adhesive 
bonding of metal structures.
The importance of a "clean" surface has always been recognised as 
a necessity for good adherance of a coating or an adhesive and surface 
analysis has been employed to give both qualitative and quantitative 
information about the chemical composition of a surface and the 
nature of any contaminant layers present.
Until fairly recently the disbondment of organic coatings from 
cathodically protected structures was only of interest to maritime 
organisations and consequently most of the research on this subject has 
eminated from naval research establishments. With the increasing popularity 
of high performance organic coatings systems as a means of protecting 
oil and gas pipelines there has been increased, interest in the phenomenon 
of cathodic disbondment, both as a materials parameter and a subject for 
scientific research.
2.2 Effect of cathodic protection on coatings performance
Cathodic protection and organic coatings are both employed for the 
protection of large structures, such as ships and pipelines, against 
corrosion. Frequently the two methods are used together to ensure 
corrosion free operation.
The importance of the cathodic half reaction in the delamination 
of polymer coatings from steel panels has been recognised, and several 
workers have investigated the disbondment of coatings from cathodically 
polarised panels e.g
For the optimum corrosion protection using both coatings and cathodic
protection a number of material and operational variables must be taken 
7into account . These include; application of the coating to a well
6prepared substrate, the coating must maintain high dielectric properties 
and have good chemical resistance and low moisture absorption rates, 
increased coating thickness generally gives increased protection up to 
some optimum value which must be determined by laboratory trials. The 
operating potential is significant, as overprotection will lead to 
hydrogen evolution and rapid alkali build up, both of which will 
accelerate coatings disbondment.
The problems of adhesion with cathodic protection have been investigated 
by Anderton7^ ,77. A water rich layer at the interface is proposed, which 
adversely effects the adhesion of the coating and presents a conductive 
pathway between anodic and cathodic areas,, however no analytical evidence 
was produced to substantiate this hypothesis.
8 9There are standards available, both in the U.S.A. and this country' 
to assess the cathodic disbondment of coatings from pipeline steel. The
gASTM test uses a piece of production coated pipe, sealed at one end and
connected to a magnesium anode, a holiday being produced with a 6mm twist
drill. Results are reported on the extent of delamination from the
pre-damage, and any new holidays which have developed. The British Gas 
gspecification is similar but allows for easier screening of many samples.
The main difference is the use of flat test panels which can easily 
be prepared in the laboratory. The panels are polarised cathodically 
(-1500 mV vs S.C.E.) using a rheostat and platinum anode, results are 
reported as radius of delamination from a 6mm holiday after the appropriate 
time (1 week, 1 month and 3 months).
2.3 Surface preparation techniques
A prerequisite for good performance of any coating, whether organic 
12or metallic in nature, is that the substrate to which it is to be 
applied has been efficiently cleaned of any material which may give rise 
to premature failure of the system. These contaminants may take the
7form of mill scale,rust deposits, but more often they are due to 
carbonaceous deposits, either from temporary corrosion protectives, 
residues left from mechanical working operations (such as rolling
or drawing), soiling during handling, or merely atmospheric contamination.
: 13Such contaminant layers, according to Bikerman , lead to the formation of 
weak boundary layers, which will bring about adhesive failure Of the 
coating instead of the cohesive failure of the adherate which will be 
observed in the case of properly formed bonds.
Moree^ had discussed, in a general way, the manner in which the 
bulk and surface composition and properties of a steel may affect the 
corrosion resistance and adhesion of an organic coating.
Methods of measuring the adhesion of paint films are many and
11varied, and have been reviewed by Bullet and Prosser , who have also 
carried out extensive work on the relationship between metal surface
1 f\ 17condition and adhesion levels ’ . To study the effect of surface
contamination on levels of paint adhesion they took a series of steel 
discs which were subjected to a cleaning schedule involving solvent 
abrasion and solvent cleaning techniques. The discs were then contaminated 
with a series of organic materials chosen to be representative of 
industrial steel surface contaminants (either as residue from temporary 
protectives or rolling lubricants). They concluded that any contamination 
remaining on the surface will have a deleter ions effect on paint adhesion, 
and this is the cause of a large number of practical adhesion failures 
of industrially applied coatings. To remedy this, it was suggested 
that surface cleaning should take the form of mechanical or chemical 
removal of the outer layers e.g. by grit blasting or pickling. An 
alternative approach is to modify the paint to include molecules which are 
likely to replace contaminant molecules on the metal surface, and do 
not adversely effect paint performance.
8Weimann and Rausch investigated the effect of steel quality, 
chemical treatment, and coatings system on corrosion resistance. This 
study, although more industrially orientated that that of Bullet and 
Prossers, produced essentially the same conclusions. By using an additional 
cleaning treatment before final annealing, and replacing conventional 
(rolled) coil annealing with open coil annealing an improvement in 
corrosion resistance is obtained. However, although grinding and 
pickling also produces good results they may not be acceptable in an 
industrial plant.
A somewhat unusual hypothesis concerning the effect of
contamination on the mechanism of blister formation has been proposed by 
19Koehler who maintains that such contaminants have the ability to draw 
water through the coating by osmosis in sufficient quantities to 
promote blistering beneath the paint film.
20Allen and Alsalim , studying the effect of surface pretreatment on
stainless steels for adhesive bonding, highlight the importance of the
physical morphology and topography of the surface as well as surface
21chemistry. Similar findings were reported by Drisko and Schwab who
discuss coatings adhesion;in terms of surface profile, and point out
that for any particular coatings system there will be a preferred topography
necessary for optimum performance, any departure from this condition will
lead to a decrease in adhesion level. A multidisciplinary approach has
22been adopted by Du Pants' Fabrics and Finishes Department , in which 
steel surface cleanliness, topography, reactivity, and contamination 
composition were evaluated.
A method for the direct estimation of surface carbon has been
23developed by Hospadaruk and co-workers at the Ford Motor Co . This 
test has become widely adopted by the U.S. automotive industry, and steel 
surface cleanliness is often specified according to the "Ford Method".
i '• •. i ! ! . ... .
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9Steel panels one foot square are wiped with a glass fibre pad soaked
in hydrochloric acid, then oven dried and analysed for carbon in a
combustion apparatus equipped with an infrared detector. The yield
_2of carbon being expressed in mgft , a mixed unit traditionally employed
- 2for reporting phosphate yields; a value of 1 mgft being regarded as
the maximum acceptable level for good coatings adhesion. A strong
23correlation was found between carbon coverage and time to salt spray 
failure. Auger electron spectroscopy analyses of four panels with 
varying salt-spray performance confirmed this, the best panel having 
the lowest carbon-to-iron peak-to-peak height ratio, the values increasing 
as salt-spray performance deteriorated.
The two methods chosen by the Ford workers to evaluate surface
cleanliness, are probably at the two extremes of industrial and economic
feasibility; the acid wipe method uses large test panels which must be
cut from the roll of steel sheet and labouriously swabbed with the glass
fibre pad, but the result is obtained relatively cheaply thus making
the process ideally suited for quality control purposes. The Auger
analyses use a much smaller specimen and provides more complete chemical
definition of the surface, it does however require a greater capital
outlay and more operator expertise. Electron spectroscopy has been
widely used in the determination and estimation of contamination on many
24types of surface. A recent conference on surface contamination gives 
many such examples.
A variety of experimental techniques, including XPS and AES were 
25employed by Slane et al in an attempt to relate the surface chemistry 
of steel sheet to its paintability, and once again a strong correlation 
was observed between poor salt-spray performance and a high level of 
surface carbon (attributed to rust preventatives and partially decomposed 
rolling lubricants). Good paintability steel was characterised by extensive
\
10
surface etching, probably due to more contact with the annealing gas 
in the open coil annealing employed by these authors.
Electron spectroscopy was also used in a study by Wotkowiak 
26et al to assess the surface composition of sheet steel, and the
expected high level of carbon was found on those specimens showing poor
27corrosion protection. Similar results were obtained by Coduti
using the Ford Method, described above, for carbon, estimation; this author
has also discussed the various methods for evaluating surface
cleanliness28.
As part of an investigation of paint adhesion failure on cold
29rolled steel Iezzi and Leidheiser determined, by scanning Auger 
microscopy, that although surface contamination (mainly carbon) was 
responsible for variable paint performance, the carbon was not unifomily 
distributed on the steel surface, but present in localised regions which 
may interfere with phosphating, and prevent the formation of a uniform 
phosphate layer.
The electron spectroscopic studies of the composition of metal
30surfaces after atmospheric exposure have been reviewed by Castle , He
concludes that the oxide layer is more correctly described as an oxy-
hydroxide layer covered by a layer of chemically bound water associated
with organic contamination, such contantinant layers are not always
removed by surface pretreatment and may persist after the application
of an organic coating. The effect of surface treatments on the composition
31of stainless steel surfaces lias been investigated by Cavallini and
32Asami and Hashimoto , both report that the proportions of chromium and 
iron1 in the surface film were strongly dependent on the surface treatment 
method.
11
An extensive survey of steel surface quality from three steel
mills supplying Volvo Car Corporation was carried out by Westberg 
33and Borgesson using industrial and marine test sites, in addition 
to the more usual salt spray test. Their results emphasise the care 
which must be exercised when considering accelerated exposure tests 
as predictors of in-field performance. These workers also comment 
on the desirability of low carbon coverage and note that some loosely 
bound carbonaceous deposits may be lifted off the steel surface during 
the phosphating process but be retained in the conversion coating.
2.4 Free polymer films
The effectiveness of an organic coating as a corrosion protection
medium is related to its permeability by mobile species. It is generally
accepted that most paint films are so permeable to water and oxygen
that diffusion of these species through the film cannot be rate
controlling, and ionic transport through the films is more important3^ .
35However Funke et al have shown that for certain systems the oxygen 
permeability of the film may be the rate-determining step in rusting 
at.the coating-substrate interface.
The ionic conduction of free polymer films has been studied by Mayne 
36 37and co-workers ’ who observed two types of behaviour in such films.
Inverse (I) conduction is said to occur when the resistance of the
film runs contrary to that of the electrolyte in which it is immersed,
direct behaviour (D) occurs where the resistance of the film follows
that of the solution. Experiments carried out on alkyd, tung oil
modified phenol formaldehyde, and amine cured epoxide systems showed that
2both I and D regions were present in all films. Test pieces 1cm were 
cut from the as cast films (10cm x 20cm), and for the alkyd and tung oil 
systems approximately 50% showed D type behaviour, for the epoxy the
12
value rose to 76%, The electrical behaviour of D and I films is shown 
in fig 2.1 as a function of electrolyte concentration.
9 5-
Fig. 2.1 Relationship between solution concentration and resistance 
of I and D type films
The water uptake of the D films tended to be higher than for the
inverse type, the two types of film are interconvertible, D films can
be converted to the I variety on exposure to solutions of decreasing water
37activity. Microhardness measurements showed that I. films are always
free from D areas, but that D films contain a mixture of both types.
The differences in conduction properties within a single film were 
ascribed to the hetrogeneous nature of the cured film brought about by 
local differences in crosslinlcing density. The interconvertibility of film 
types may become important in practice when the chemical environment surrounding 
the coating changes, for example by variations in polarisation of the substrate.
1 ■ . 1 i ! ! .
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2.5 Mechanical failure of paint films
As most organic coatings deteriorate in service due to interaction 
with water or some other corrosive medium, the use of mechanical testing 
without such aggresive media, can only be applied as a guide to the initial 
quality of the coating/substrate interfacial bond, rather than to give 
any information regarding in-service performance.
16 17Bullet and Prosser 9 used mechanical testing as did Drisko and 
21Schwab , these authors, however, were concerned with the effect of surface
properties on adhesion; the use of mechanical tests provided a rapid and
convenient means of achieving this. An exhaustive review of methods of
38testing polymer to substrate adhesion has recently been published .
39By observing the surface of failed tensile test pieces Smelt et al
were able to deduce the site and cause of failure. They observed markings,
which took the form of surface ribbing and appeared to be due to the periodic
stress waves reflected from the metal substrates. A graphical representation
of these stress wave interactions and subsequent surface markings has been 
39developed .
Extensive use has been made of XPS by Dickie and co-workers^ *3, ^  
to elucidate the failure mode of several model paint systems. By comparing 
the locus of failure of mechanically failed test pieces with corrosion 
induced delamination, a model for coating disbondment in terms of chemical 
degradation of the organic material at, or adjacent to, the metal-polymer 
interface has been proposed. This wrk will be discussed further in 
section 2.6.3.
It is clear that although such tests do not relate directly to the 
failure mode of organic coatings after prolonged exposure to the environment, 
they do provide a useful reference point, and indicate whether the coating 
is properly applied. In the case of a properly applied coating, the
14
coating/substrate interface should remain intact after failure, 
cohesive failure of the adhered or adherate (or sometimes both, the 
fracture path running from one phase to the other) being observed.
This result is also predictable from surface energetic concepts, as will 
be discussed in section 2.6.1. The situation is greatly changed on 
exposure to an aggressive environment where weak boundary layers may develop 
in-situ, for example by the modification of the near interface polymer, 
or the hydration of the substrate surface oxide, thermodynamic reasoning 
can also be applied to predict the effect of a third component on the 
behaviour of the adhered-adherate bond.
2.6 Corrosion induced adhesion failure
2.6.1 The effect of hostile environments on the adhesion of 
polymers to metal.
Water and many other agressive media have an adverse effect 
on the adhesion of polymers to metals and the literature relating to
aluminium has been reviewed by Kinloch^. The presence of a water
45 10 11sensitive layer , or even water itself ’ at the polymer-metal interface
has been suggested to account for the bond deterioration of brass and
steels^8’^ , as well as aluminium 8^ in the presence of water in liquid and
vapour states. Much of this opinion was established before the advent
of surface analysis which can now provide direct rather than circumstantial
evidence of such layers. However the displacement of polymers by water can
be predicted from well established principles of surface free energy changes,
48these theories are well known and have been discussed in detail by Kinloch , 
and it is proposed to briefly describe them here.
15
The concept of surface free energy (y) can be conveniently 
introduced with reference to the well known phenomenon of surface tension 
which may be quantified by consideration of a liquid drop resting on a 
solid surface as shown in figure 2.2
Fig. 2.2 Liquid Drop on a Solid Surface.
The forces at the three phase contact point are indicated such that
Ygy represents the surface free energy of the solid in contact with the
vapour, Ygk the solid in contact with the liquid, and y^-. the liquid
in contact with the vapour. If these three forces are in equilibrium
then the three phase contact point will be static and an equilibrium
48contact angle (0) will be defined. Young’s equation relating these 
forces may be written as:
YSV ~ YSL + yLV C0S 0 ••••(!)
The value of ygy may be considerably lower than the value of the
surface free energy of the solid in vacuo (Ygq), due to the adsorption
of vapour. This reduction in surface free energy is defined as the 
equilibrium spreading pressure (ir )
"e = YS0 “ YSV --- 2^)
16
Thus equation (1) may be rewritten:
ySL “ YS0 " 11 e " yLV C0S 9
When 9 > 0° the liquid is said to be non-spreading, but when 9=0° the 
liquid will spread and wet the surface completely. Thus for wetting to
occur:
YSV * ySL + yLV 
i . e .  yso  ^ ys l  + yl v
....(4)
that is the bonding between the solid and the liquid is equal to (or 
greater than) the cohesive forces of the liquid.
If we consider a solid-liquid interface (or more accurately, for
coatings applications, a substrate-coating interface) there are two
49extremes available as paths for separation as shown in figure 2.3 .
Fig. 2.3 The adhesion process. The solid and liquid surfaces may be
separated to give a film free solid (path II) or a solid surface with a 
film of adsorbed liquid (path I)
Path one leaves a film of adherate on the solid surface (to an
adhesion scientist cohesive failure of the adhering phase). Path two
represents true interfacial separation (adhesive failure). The worlc of
adhesion (W) is defined as the work required to separate unit area of two
phases forming an interface, for path I:
17
wi “ Ysv + ylv " ysl ^
substituting for Ygy from equation (1).
Wj = Yj^ y(1 + Cos 9) .... (7)
for complete wetting 9=0°
: wi = 2 ylv
For path II:
WII = YS0 + yLV ” ySL  ^
substituting for YgQ from equations (1) and (2).
Wj j — Y-^y COS 0 + Yjy + TCg .... (10)
In the case of complete wetting
WII = 2yLV + 71 e ....(11)
The equilibrium spreading pressure can be greater than the first 
term on the right of equation (11) and in such a case it can be seen
that a type I (cohesive) failure will occur in preference to a type II.
This does however rely on the liquid wetting the surface and forming 
what Bikerman descibes as a proper joint. In coatings or adhesives 
technology the liquid is usually made to wet the solid by means of an 
externally applied force or pressure e.g. application of paint with a 
brush or adhesive with a spatula.
Of direct concern to the adhesion scientist is the situation described 
at the beginning of this section, a polymer film on a metal substrate 
with water advancing, or attempting to advance along the interface. The 
work of adhesion .(W^ g) may be defined as:
WCS s YCW + YSW " YSC —
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where subscripts C,W,S refer to coating water and substrate respectively.
For a typical polymer-metal system the work of adhesion, Wj (equation 6)
in a relatively inert environment, for example dry air,usually has a
large positive value (for the epoxy-ferric oxide interface
-2 47Wj 29/mJm ) . In the presence of a liquid however W^g (equation 12)
may have a negative value in which case the interface will become
unstable and dissociate; if W^g is positive, however, the bond will be 
stable. The value of W^g may be effectively increased to more positive 
values by modifying the coating or substrate in some way, one such method 
is the incorporation of an adhesion promoter such as an ethoxysilane into
OO
the coating or onto the metal surface . Such agents are widely used in 
situations of high humidity and are particularly popular for the sizing 
of glass fibres prior to the fabrication of glass fibre reinforced plastic 
structures. •
Having introduced the concept of adhesion loss in aggressive 
environments and briefly described the thermodynamics of such systems 
the experimental methods which have been employed to study such phenomena 
will now be considered.
2.6.2 Electrical and electrochemical investigations of 
corrosion at the metal/polymer interface
By far the largest group of test methods used to study the effect 
of corrosion on metal-to-polymer adhesion are those based:,on electrical and 
electrochemical measurements. The use of potential-time and polarisation 
curves has been reviewed, and the possible difficulties which may be 
encountered have been discussed by Wostenholme^ . More recently Leidheiser5 
has described a much wider range of experimental methods which are 
available, the salient points of each technique will be described in this 
section.
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The measurements which are most widely made, and which will be 
discussed here are as follows:
(i) D.C. electrical properties
(ii) A.C. resistance
(iii) Capacitance
(iv) Corrosion potential
(v) Polarisation curves
(vi) Impedance measurements.
(i) D.C. Electrical properties
Using D.C. electrical resistance measurements, Mayne and Mills39
were able to draw a direct correlation between measured values and corrosion
of the substrate. They used lacquered mild steel plates (coating
thickness 75-100 \m) exposed to 3.5. M KC1 for one week, corrosion of the
substrate (i.e. blisters and loss of adhesion) was visually assessed.
2The film was then removed from the substrate, cut into 1cm pieces and
the resistance measured. For an epoxy coating it was found that film 
11 12 -2resistance of 10 -10 ft cm showed no corrosion, whilst in areas of
6 7 —2corrosion the value was in the region 10 -10 ft cm . Kinsella and
36Mayne , measuring resistance of free films, found the resistance varied 
within the film, hence one would expect some parts of a panel to 
corrode and others would be protected.
Various studies of coatings resistance as related to.the corrosion 
of the substrate have been published and the results are summarised
in Table 2.1. The usefulness of a threshold value, above which 
corrosion is not seen can readily be appreciated.
I
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Corrosion Medium Corrosion Performance in 
terms of resistance
Reference
Corrosion Noted 
below
Corrosion not 
noted above
7 25 %NaCl, aerated 10 ohms/cm.
Seawater
Dilute HN0-
3.5M KC1 
15% HNO,
10
10'
dropped to 10
Dilute HC1
dropped to Hi
10'
10v
107 ohms/cm.2
108 
108
10'
10'
10
10''
11
51
52
53
54
50
55
Table 2.1 Summary of several investigations in which resistance of the 
coating was correlated with corrosion behaviour of the steel 
substrate.
(ii) A.C. Resistance measurements
The use of A.C. measurements on polymer coated metal substrates have 
the following advantages over D.C. measurements:
(i) the resistance component i.e. the ohmic contribution, resulting 
from polarisation at the solution/polymer and metal/polymer interface 
is avoided.
(ii) The ability to make measurements as a function of frequency 
provides information which may prove useful in understanding the 
corrosion process.
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A comprehensive study of the electical properties of polymer
56 57coated steel has been carried out by Leidheiser and Kendig ’
using polybutadiene and other coatings. The mechanism they postulated
for the corrosion of polybutadiene coated steel was as follows:
a. Water,, ions, and oxygen penetrate the coating.
b. Conductive pathways develop in the coating, in which there is a 
low resistance pathway between the substrate and the bulk 
electrolyte.
c. The anodic reaction Fe° •> Fe2+ + 2e takes place on the metal 
surface.
d. Hie cathodic reaction, i-^ O + |02 + 2e 20H~ occurs simultaneously 
on the metal surface. Disbonding occurs at the cathodic region.
e. As corrosion progresses, the ion concentration within a small 
volume of the metal surface, at the base of a low resistance 
pathway increases. Solid corrosion product forms on the steel 
surface.
f. Dissolution of iron causes the pH to drop at the corrosion site,
g. The high pH generaged at the cathodic site, and the low pH 
generated at the anodic site are injurious to the polymer.
Such A.C. methods are often extended to yield impedance measurements;
these will be discussed later in this section.
(iii) Capacitance measurements
When a polymer coated metal is exposed to water its capacitance increases
58with time. Wormwell and Brasher found a strong similarity between 
conductance/time and capacitance/time curves, a sharp rise in the measured 
value being seen when localised failure occurred. This increase in
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capacitance has been associated with the uptake of water by the polymer 
and consequential change in dielectric properties.
A method of estimating water uptake by capacitance methods has been 
developed by Brasher and Kingsbury33, and good agreement between 
capacitance and gravimetric results were obtained for certain paints. The 
two major difficulties encountered when attempting to compare gravimetric 
and capacitance methods are:
(i) Assumptions must be made in developing a relationship between 
capacitance and water uptake.
(ii) Gravimetric measurements are subject to considerable error
because non-penetrant water must be removed without effecting 
penetrated water. Brasher and Kingsbury, in calculating water 
uptake of films, assumed that the water within the paint film 
was distributed in a random uniform manner.
An investigation into the capacitance behaviour of polybutadiene coated 
steel has been reported by Leidheiser and Touhasent^9 , in which they were 
able to correlate changes in capacitance with visual observations of 
substrate corrosion and coatings delamination. It was found that, initially 
the capacitance rose sharply and then slowed to a linear rate after two to 
four days, after a further period, dependent upon the thickness of the 
coating, the capacitance increased at a greater rate at the same time 
the onset of substrate corrosion was observed.
(iv) Corrosion Potential Measurement
Early work of this type concentrated on the magnitude of the
61corrosion potential and its variation with time. Wormwell and Brasher
found this could be misleading as they observed a rise in the early stages
of their tests followed by a gradual diminution. Similar results have
57been reported by ICendig and Leidheiser who, using a transparent film were
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able to visually assess corrosion as the test proceeded. This phenomenon 
is attributed to the increase in ratio of cathodic to anodic areas, 
increasing initially, but as corrosion increases rapidly so the cathodic/ 
anodic ratio falls, and the corrosion potential falls to a more active
value. These authors also indicate the use of corrosion potential for
<
assessing the effect of oxygen on the delamination process. The 
potential time curves for coatings exposed to deaerated and aerated 
solutions differ markedly. Hie deaerated potential remaining at about 
-600 mV (vs S.C.E.), whereas the aerated solution achieved more noble 
values due to the cathodic reduction of oxygen and the generation of 
hydroxyl ions, which are known to accelerate coatings disbondment.
(v) Determination of polarisation curves
Polarisation curves are well known in corrosion studies, and have
51been used to advantage by several workers. Wiggle et al employed 
polarisation techniques to study the corrosion reactions at a discontinuity 
in coated steel panels. They concluded that both anodic dissolution of 
the metal and cathodic reduction of oxygen are important in the adhesion 
loss of coatings. For optimum performance a conversion coating should 
resist anodic undercutting and at the same time be resistant to hydroxide 
dissolution. The coating should have maximum alkali resistance.
The efficiency of the phosphating treatment can be expressed in terms
51of the amount of the sample surface available for phosphate dissolution
The oxygen reduction current for various phosphated steel panels, also
62correlated well with salt spray performance , the higher the oxygen 
reduction current, the worse the salt spray performance.
63Leidheiser and Kendig have studied the effect of external polarisation 
on the delamination of polybutadiene on steel and gold substrates. A 
relationship was found between the amount of charge passed and the area of 
coatings delamination.
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The corrosion at a holiday in a coated metal system has been
studied electrochemically by measuring the galvanic current of the
coated panel with respect to a bare steel standard in recirculating
64sodium chloride solution . In the same study coatings delamination is
65 66described in terms of anodic (exposed metal) and cathodic areas. Koehler *
has reached the same conclusions for coatings employed in the can and coil
industry, although much of this work has been carried out on tinplate
(where anodic undermining must be considered) and aluminium. The effect
of oxygen concentration inside and outside the test (electrolyte) region
67has also been investigated .
(iv) A.C. Impedance Measurements
The use of A.C. impedance measurements has recently become an
area of interest in the investigation of coatings performance. Scantlebury 
68and Sussex have shown that the data can be processed to obtain 
equivalent capacitance values and hence film thickness and water 
uptake values as described earlier. Charge transfer and diffusion processes 
give different impedance responses and so it is often possible to identify 
the dominant reaction. Impedance measurements will also indicate the 
onset of corrosion and the time at which the film breaks down.
Three electrode potentiostatic impedance measurements have also been 
69 71reported . Using this approach it is possible to make meaningful 
impdeance measurement of thin or defective films and data can be recorded 
at either constant potential or in the unpolarised condition providing the 
varying rest potential is monitored.
Work at Lehigh University, and elsewhere, has led to the development
: J) -7 4of a scanning probe impedance technique “ . In this method a probe,
measuring the impedance of the film at a given frequency is mechanically 
tranversed across the surface of the specimen, generating a trace of 
either the 'in-phase' or 'quadrature' current in the X direction on an
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X-Y • plotter. The probe is then relocated a small distance in the Y
direction and rescanned across the specimen, (analogous with the Z
modulation procedure employed in scanning electron microscopy), thus
building up a montage of traces on the plotter. Using this method
it is possible to build up a rudimentary image of the surface or interface.
Published examples include ’'images'' of welds and surface defects  ^,
and, of more interest to the coatings technologist, phosphated panels which
have been scratched to expose the bare metal (with an X, ?, etc) and
then coated, show the distinguishing marks now at the coating /substrate
75interface very clearly . It seems likely that this means of coatings 
investigation could, with sufficient development, become a powerful means 
of elucidating not only the location of disboncled regions, but also 
determining their size and shape. This would be of particular value in an 
opaque coating such as some epoxies where the location and extent of 
disbondment cannot be observed visually.
2.6.3 The Use of electron spectroscopy in adhesion studies
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES) are surface analytical techniques capable of providing elemental
information about the outer 20-50 8 of a materials surface. Although the
two techniques have similarities, and are often incorporated in the same
instrument, there are several major differences. XPS can supply chemical
state information, due to shifts in the photoelectron line position, for
different valence states of the same element, generally AES does not give
such information. Auger electrons are excited by a low energy electron
beam in AES, and the technique cannot, therefore, be used on insulatorst
such:as polymers, but a high degree of spatial resolution is possible on
conducting surfaces. XPS utilises a beam of low energy X-rays, and whilst
it has been successfully applied to polymers and other insulators, spatial
2resolution is poor (typically 25mm ). Instances of selected area XPS
have been reported , but these are not in general use. It seems likely 
that such techniques will continue to develop over the next decade. XPS 
will be discussed further in chapter 3.
The application of XPS and AES to adhesion studies seems to have been 
concentrated in two well defined areas of interest; the adhesive bonding 
of aluminium alloys and steels for structural purposes, and the 
adhesion of organic coatings to steel substrates with particular reference 
to systems employed by the atuomotive industry. Other areas of adhesion
e.g. rubber-to-brass bonding have also benefited from the application 
of surface analytical techniques.
A very thorough study of the adhesive bonding of aluminium
and titanium for aerospace applications has been carried out by Solomon,
77Baun, and co-workers , paying particular attention to the effect of
78 79contamination and the effect of various processing parameters (e.g.
conditions of anodizing), on bond performance. By using novel experimental
techniques they were able to develop a process whereby the adherend/
adherate interface could be examined in situ and the chemical information
thus obtained could be used to evaluate the effects of various bonding
80parameters and substrate surface conditions . In conjunction with mechanical 
test data, a deeper understanding of adhesive joint performance seems 
likely.
Choi et al81 utilised XPS and AES to investigate the effect of fluorine 
contamination on aluminium surfaces, and its effect on adhesion as measured 
by climbing drum peel tests of bonded honeycomb structures. Fluorine 
contamination, even at sub-monolayer levels, leads to catastrophic failure.
XPS examination revealing such failures to be adhesive in nature, 
attributed to the loss of surface protrusions due to exposure to fluorine 
and water vapour.
26
76
i
27
The bondability of fluorine containing polymers has been the subject 
of XPS studies82. Whilst the untreated fluoropolymer surface exhibits 
very poor bond strength this can be dramatically increased by the appropriate 
pre-treatment, (e.g. plasma discharge, or etching).
The importance of XPS as part of a multi-technique investigation
8 3was demonstrated by Bush et al who examined the fracture surfaces of 
polyimide/titanium 6-4 joints. XPS proved to be particularly useful 
in assessing the failure mode of such -joints; cohesive failure was 
observed in joints with good tensile properties, but one specimen with 
a negligible tensile strength was shown to have failed in an adhesive 
manner. XPS lias also proved invaluable for identifying the surface 
segregation of magnesium in sheet aluminium as a cause of poor polymer to 
aluminium adhesion8^.
Hie failure mode of epoxy bonded mild steel in both dry and water
soaked environments, and the effect of silane adhesion promoters was
85investigated by Gettings and Kinloch . They found that although the
dry joint appeared to fail adhesively, the locus of failure was close to
the interface, but due to surface topography, sometimes passing through
the polymer and sometimes through the metal itself. On exposure to
water the fracture path is at the interface, corrosion causing considerable
oxide growth. The use of a silane based adhesion promoter increased bond
strength, the joint failing cohesively within the polysiloxane layer.
By using XPS and static secondary ion mass spectrometry (SSIMS) the
formation of discreet chemical bonding between the metal oxide and
86polysiloxane primer was posulated . The adsorption of ethoxysilanes
87on pure iron has been studied by Bailey and Castle , who conclude that 
vinyl triethoxysilane is chemisorbed from methanolic solution onto a 
hydrated metal surface.
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As part of a much broader study, Walker used XPS to study the 
fracture surfaces of silane primed epoxy coatings on aluminium, and 
observed cohesive failure in all cases. The locus of failure being 
adjacent to the silane/polymer interface.
Gettings and Kinloch have also carried out a study of the adhesive 
bonding of three stainless steels using silane primers and an epoxy 
adhesive33’39. Differences in surface composition and bond durability 
were ascribed to the differing metallurgical condition of the steels; one 
was a mixture of austenite and martensite, the other two were wholly 
austenitic.
Hie use of XPS as an analytical tool for deducing the mechanism of 
organic coatings delamination from steel substrates has been demonstrated 
by Dickie and co-workers. By carrying out XPS studies of polyethylene 
tetraphalate and a melamine crosslinked epoxy ester primer it was shown 
that both materials undergo surface saponification in alkali environments 
to form sodium carboxylates^ 9. The reaction products of such saponification 
were detected by a silver derivitization technique and angular 
XPS measurement. It is possible to vary the analysis depth of XPS in 
the near surface region (10-50 S) by adjusting the photoelectron take-off 
angle; this method of depth profiling in XPS will be discussed more fully 
in the next chapter.
The effect of resin composition, and the application of an inorganic
conversion coating, on cathodic delamination has also been investigated^ 3.
High resolution XPS spectra have been used to provide a semi-quantitative
analysis of changes in interfacial chemistry that occur during coatings *
43disbondment . Several systems were studied, for epoxy-ester resin, 
carboxylate residues characteristic of ester saponification were 
observed on both interfacial surfaces. For an epoxy-urethane coating, 
carbonate residues are seen, similarly carbonate is apparent on the 
epoxy-amine surface after disbondment.
88
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Dickie et al have also investigated the mechanical and corrosion
42induced delamination of two polybutadiene resins . Both modes of 
testing gave failure due to cohesive failure of the polymer. For the 
mechanically failed specimen there is a considerable overlayer of 
polymer on the. metal surface, there being no sign of iron in the 
spectrum. ' In the case of the cathodically polarised specimens, iron 
is discernible in the spectrum, indicating a much thinner organic 
overlayer, this was confirmed by angular XPS studies.
The bonding of rubber to brass surfaces is of commercial importance
in the production of brass plated steel wire for use as a reinforcement
in automotive tyres. Van Ooij lias investigated, by XPS, the surface
91composition of cold-worked brass and found it to consist of a thin 
zinc rich . oxide layer, at low temperatures (<300°) copper is not 
oxidised in the presence of zinc. Elegant experimental techniques were 
developed to study the rubber-brass interface, and combined with adhesion
92results, the following model of brass-to-rubber adhesion has been proposed
Reaction of brass with rubber leads to the formation of Cu^ S and
ZnS, the level of Cu S being the parameter which controls bond performance.
It improves adhesion as a result of a catalytic effect on rubber
vulcanisation, but excessive Cu.x& leads to embrittlement of the
Cu^ S/ZnS interfacial film and to premature failure. The XPS study
93of the rubber-to-brass interface has been described in detail ; the
94effect of rubber composition on adhesion has also been investigated .
Other areas of adhesion research which have utilised XPS analysis will 
be mentioned, although most of these studies are less extensive than * 
those already cited, they serve to indicate the wide range of applications
that electron spectroscopy has found within the adhesion field. Adhesion
95 96of building sealants to aluminium , quality of polyethylene laminates
although the surface modification of polymers by various processes has
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received a great deal of attention - adhesion of organic overlayers
97deposited from a LangmuirBlodgett trough on oxidised surfaces ,
98interface analysis of vacuum deposited metals on polymer surfaces ,
and the bonding of chromated tin/lead alloy surfaces with an ethylene/
99acrylic acid copolymer .
2.6.4 Other techniques for studying adhesion
Although the experimental techniques already mentioned are those 
most widely used for empirically or analytically investigating coatings 
performance there are other novel techniques which have been used, 
with varying degrees of success, to investigate adhesion phenomena.
Some of these methods will be briefly reviewed in this section.
100Radioactive tracers have been employed by Schrader to study 
interfacial bonding of adhesion promoters (coupling agents) to glass.
A failure mechanism involving the hydrolysis of bonds within the 
adhesion promoter structure is proposed.
The techniques of ellipsometry have been established for some years
and have been widely used for the study of surface films on metals.
More recently, however, attempts have been made to employ ellipsometry
to study in-situ film growth which occurs under organic coatings. By
simultaneous ellipsometry and underfilm pH measurements Ritter and 
101 102Kruger 5 have been able to identify three stages of activity during
the delamination of collodion from an iron aibstrate, the underfilm pH
rising as the experiment progresses. If the collodion was applied to
2-
an iron substrate on which some inhibitor (e.g. ) was present
only the first two stages of film growth were observed and the underfilm 
pH values reported were ccmmersurate with only these first two stages 
taking place. Although only applicable to transparent films it seems 
likely that much can be learnt about sub-coating film growth using this 
technique. The use of very fine (-lirm diameter) pH electrodes appears
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to be an excellent method of monitoring underfilm pH. This would 
be particularly useful in the delamination of coatings on cathodically 
protected structures as there are indications that strongly alkaline 
conditions exist under the coating (potentially serious from a stress 
corrosion cracking, as well as a coatings viewpoint). Work lias yet to 
be carried out to quantify this.
Inelastic electron tunneling spectroscopy (IETS) provides a very
sensitive means of detecting and identifying molecular species on the
siirface of a metal oxide. IETS involves the tunneling of electrons
through the passivating layer of a metal/metal oxide junction. A
variable potential is applied across the junction and the current is
measured. As the oxide is insulating a current of only a few mA will
be recorded, this is due to quantum mechanical tunneling of the electrons
across the junction. In the case of inelastic tunneling the electron
interacts with a molecule adsorbed on the oxide and excites one of the
characteristic vibrational modes of that molecule. Results are
2 2recorded in the second differential mode, d I/dV , and the small change 
in response of the adsorbed molecules is clearly seen, the resultant 
spectrum is not unlike that of an infrared adsorption spectrum.
103White et al have employed IETS to study the bonding of an epoxy 
adhesive to an aluminium oxide substrate. Hie various spectral 
components were identified by comparison with infrared and Raman data.
The authors conclude witli a cautionary note; they advocate the study of 
simple systems with IETS before proceeding to more complex situations; 
something which must surely be relevant to the application of any 
sophisticated analytical technqiue to a ’real* materials problem.
Laser interferometric methods have been used by O’Brien and Kolny39^ ’393 
to study the corrosion of epoxy coated iron. Results obtained can be 
interpreted qualitatively or quantitatively, in the case of quantitative
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analysis very careful calibration needs to be carried out.
2.7 Concluding Remarks
Mich of the recent work undertaken into the condition of a metal
surface prior to the application of an organic coating hasbeen carried
out in the U.S.A. and is directly related to automotive applications.
Automobile manufacturers have investigated surface quality and, with
29the possibility of federally regulated anti-corrosion codes , this 
has become more important. Steel companies, on the other hand, have 
carried out similar studies presumably with the object of selling to the 
automotive manufacturers writh the slogan "Our steel is the cleanest".
Electrochemical methods have been widely used to study both 
coating and substrate properties of polymer films on metals. In the main 
these are the techniques which were well established in the corrosion 
scientists armoury and it was a relatively straightforward matter to apply 
them to such systems. These techniques, however, with a few exceptions 
seem to have been used merely in a comparative role, or in conjunction 
with visual observations, for example corrosion of the substr&te will 
only occur if the resistance of the paint film falls below a critical 
value. Although this type of approach is undoubtedly valuable and 
provides a very important contribution to coatings technology it does not 
yield infoxmation regarding the mechanism of failure when the coating 
eventually breaks down.
Thus electrochemical measurements have provided a base for establishing 
the mechanism of the protectionof metallic surfaces by polymer coatings; 
but,, as yet, relatively little work lias addressed the problem of why 
such a coating may eventually fail. Over the past few years the focus 
of coatings research has shifted slightly towards investigation of 
changes that occur at the coating-substrate interface during adhesion loss.
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The most promising electrochemical technique for studying such 
phenomena would appear to be scanning probe impedance measurements as 
pioneered by Leidheiser and co-workers at Lehigh University, but such 
techniques do not, as yet, give any information regarding chemical 
modifications which may occur at the interface during adhesion loss.
Adhesion is a local phenomenon involving a few atom layers of 
adherate interacting with a similar amount of adherend. Thus the 
investigation of adhesion failure requires an investigative 
technique capable of analysing within such small thicknesses. Such 
techniques are available within the rapidly expanding field of surface 
analysis, the most widely used methods being those of XPS and AES.
Several studies in recent years (see refs in section 2.6.3) have made 
use to some extent of the surface specific electron spectroscopies 
to define the locus of failure of an adhesive joint or coating, or 
investigate changes in interfacial chemistry which may have occurred 
during failure. Such investigations have usually been carried out as a small 
part of a much wider research project. This approach is perhaps under­
standable bearing in mind the high capital cost of such equipment when 
compared with more routine analytical equipment, a scanning electron 
microscope with energy dispersive analysis facilities, for instance.
Thus although surface analysis has made valuable contributions 
to adhesion science its application has been on an ad-hoc basis, with 
a sma).l proportion of the experimentally generated test pieces being 
examined. It seems appropriate, therefore, at this point in the 
evolution of electron spectroscopy to extend its use in adhesion studies 
from a subsidiary technique to one of the major experimental methods 
employed in such a research project. The University of Surrey is 
fortunate in being well equipped with surface analysis facilities (both.
XPS and AES analysis being available), which form the nucleus of an
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interdisciplinary research group within the Department of Metallurgy 
and Materials Technology. Topics studied include corrosion science, 
adhesion, ceramics, polymers and biological phenomena, the relevance 
to industry of such an approach is illustrated by the sponsorship, 
by commercial organisations, of the majority of projects undertaken.
The next section describes the surface analysis facilities 
available at the University of Surrey and briefly sets down the objective 
of the work and the experimental approach adopted to the problem 
of coatings delamination on cathodically protected steel surfaces.
2.8 The delamination of polymer coatings from cathodically protected 
steel surfaces; the expermental investigation.
The principle objective of this work is to obtain direct evidence 
of the failure mode, i.e. cohesive or adhesive, when polymer films 
separate from cathodically polarised steel surfaces. In order to 
understand the mechanism of failure and to caroborate the work of past 
authors the concentration of ionic species present at the fracture interfaces 
will be measured. It is proposed to use two polymer coatings for 
these investigations; a polybutadiene can coating which has been extensively 
investigated by electrochemical measurements, and has the advantage of 
being transparent so that the progress of disbondment can be visually 
assessed. Hie epoxy pipe line coating employed by the British Gas 
Corporation will also be used, and as well as mechanistic studies an 
investigation of the kinetics of disbondment of this coating will be made.
It is intended that the main technique employed will be X -ray 
photelectron spectroscopy in order that chemical state information will 
be readily available. Hie instrument available at the University of 
Surrey is a V.G. Scientific ESCA 3 Me II, a UHV spectrometer with nulti- 
specimen handling capabilities and a twin (Al/Mg) anode. Hie advantage
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of the twin anode will be discussed in Chapter 3. The spectra are 
acquired by a V.G. datasystem based on a DEC PDP8e computer which 
controls the spectrometer during acquisition, the spectra being 
recorded on magnetic tape for retrieval and analysis at a convenient 
time. As well as the ESCA 3 instrument an older V.G. ESCA 2 
spectrometer equipped with a Zr La X-ray source, and a recently 
acquired V.G. Scientific MA.500 scanning Auger microscope with X-ray 
excitation and analysis facilities are available. The MA500 will be 
used when the spatial resolution afforded by AES analysis is required.
XPS will be used to monitor the surface chemistry of the materials 
prior to coating in order to establish the nature of the surfaces making 
initial contact. Because of the industrial relevance of different 
types of pre-treatment several of these will be used in this study 
and their respective surface chemistries characterised.
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3. X-ray Photoelectron Spectroscopy
3.1 Introduction
X-ray photoelectron spectroscopy (XPS) is one of a series of 
surface analytical techniques which have been developed into conmercially 
viable instruments over the past decade. The others which spring 
most readily to mind are Auger electron spectroscopy (AES), secondary 
ion mass spectrometry (SIMS) and ion scattering spectroscopy (ISS).
XPS and AES have many features in common and are often found incorporated 
into the same instrument. Although the main aim of this chapter is 
to examine XPS in detail, parallels will be drawn with AES when 
appropriate. Table 3.1 brings together the main points of each technique.
Table 3.1
XPS AES
i. Incident beam X-rays
photoelectrons
■electrons
ii. Emitted particle
iii. Elements detected He
Auger Electrons 
Li —
iv. Detection limit < monolayer 
l-3nm
< monolayer
v. Analysis depth
vi. Spatial resolution 
vii. Applicability
viii. Chemical state information
most materials
Yes
4mm
conducting materials 
not usually
500nm
l-3nm
Although some of the limits set in (iv) - (viii) can be improved 
upon, either by modification to instrument design, or by careful experimentation, 
the above represents the situation in most commercial spectrometers.
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Although, the development of XPS into a sophisticated analytical method 
is due to the Swedish scientist Kai Siegbahn and his colleagues, the 
first well documented reports of the production of photoelectron 
spectra are due to Robinson70^ ’±07,108^ us n^g radiation
produced XPS spectra from several metals. Although the most prominent 
of the early workers, Robinson was not alone in the early days of XPS.
The historical development of XPS from the discovery of the photoelectric 
effect by Hertz in 1887, to the present day revitalisation of the technique 
by Seighbahn, has been discussed at length by Jehkin et al^ 09,HO, 
who provide an excellent account of how XPS emerged over the period 1900-1960.
From the work carried out by Siegbahn and colleagues in the late 1950’s
it soon became apparent that using such a technique the chemical difference
111between metal and metal oxide could be distinguished , the same
chemical state information could also be determined for non-metallic
elements. Because of these chemical effects, the Swedish group adopted
the name of electron spectroscopy for chemical analysis (ESCA) for their
technique. Although widely used today this description encompasses XPS,
UPS and X-AES, and it is preferred to use the more specific term such as
XPS. In 1966 Siegbahn et al published results which indicated the surface 
112specifity of XPS , although not explicit in terms of analysis depth it
seemed to indicate the analysis depth of the XPS experiment to be of the
order of lOnm. Thus the scene was set for the development of a technique
which not only provided identification of the chemical state of a material
but also gave a surface rather than a bulk analysis. Much of the
pioneering work of Siegbahn.'s group on the XPS analysis of organic and
113inorganic materials was published in a single volume in 1967
The basic XPS process is shown schematically in Figure 3.1.
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Figure 3.1. The interacting components requiring specification
to produce quantitative surface analysis (ref. 107).
The sample surface is irradiated with low energy x-rays (typically
Al K«, hv = 1486 eV) and the energy of the emitted photoelectrons is
analysed and detected. Because of the low energy of the photoelectrons it is
necessary to carry out the procedure in a vacuum chamber. Early
instruments (e.g. Varian IEE) tended to have a relatively poor vacuum 
-7( 10 torr) but those currently available are considerably better (V.G. ESCA 
3 and ESCA lab, 10 ^Gtorr following bakeout). The better vacuum permits 
longer examination of the specimen surface without undue contamination.
The signal at the detector and the energy range being investigated 
are electronically processed to give a record of count rate versus 
electron energy. This may be recorded simultaneously on an X-Y plotter, 
or, more usually nowadays, recorded on some form of computer system for 
examination at a later date, (laant i tat ivo surface analysis is achieved by I lie 
use of appropriate sensitivity factors and the manipulation of the 
acqti i rod dat a.
Io n  s c h k c d  fo r 
p r o f i l in g
S am p le
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Depth profiling can be achieved by a variety of methods. The most 
popular for depths >10nm is that of argon ion bombardment of the surface.
In this chapter it is proposed to discuss each step in the XPS 
process in detail, followed by a brief survey of applications.
3.2 Theoretical considerations
The interaction of X-ray photons with the sample leads to the emission 
of photoelectrons; the atomic processes giving rise t(o photoemission are 
shown schematically in Figure 3.2.
(in n er shell ion ized  atom )
( b )
‘^ C o n d u c tio n  band
.— — Free electron level 
!  Fermi level
Valence band
2p
K0>
electron falls to till K -slie ll 
vacancy
tuorescent X -ray 
emitted as n result 
K o f t h e L j -K  
electronic 
transition
2S '
1 s '
\ L  e l e c t r o n  fa l l s  to  fill K - s h e l l  v a c a n c y  
\
Fig. 3.2 (a) Creation of inner shell vacancy (b) the fluorescent process
of de-excitation (c) the ejection of a KLL Auger electron.
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The x-ray will interact with an electron in the K shell, causing its ejection 
as a Is photelectron, the resulting vacancy in the K shell can be filled 
in two possible ways, giving rise to X-ray fluorescence or Auger 
de-excitation. X-ray fluorescence involves the dropping of an electron 
from an outer level to the vacated inner level, this being accompanied 
by simultaneous emission of a characteristic X-ray (Figure 3.2(b)).
The Auger de-excitation process is shown in Figure 3.2(c). In this 
example a electron fills the K vacancy and the excess energy is 
expended by the ejection of an Lg electron. If the atom is near the 
sample surface the electron can escape without loss of energy, this 
example is designated the K^L^ -Auger electron.
Because the kinetic energy of the ejected photoelectron is well 
defined, this can be used to deteimine the energy with which it was 
bound to its K shell and hence a qualitative analysis can be obtained. The
kinetic (Eg) and binding (Eg) energies of a photoelectron are related to
the X-ray energy (hv) in the following manner.
Eg = hv - Eg - Er - w.
Where Er is the recoil energy, and w the spectrometer work function.
Er is small, but dependent on the atomic mass of the element e.g. Er
for Li = 0.1 eV, for Rb = 0.01 eV. This term of the equation is less
than the uncertainties arising from the natural line width of the exciting 
X-radiation.
As the photon energy of the X-rays, and the work function of the 
spectrometer are known, and the kinetic energy of the electrons can be *. 
determined, calculation of the binding energies is a simple matter.
I
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As the binding energy of the photoelectrons is an intrinsic 
material property, changing X-ray energy will not effect the position 
of photoelectron lines on a binding energy scale, but on a kinetic 
energy scale such peaks will move by an amount equivalent to the difference 
in photon energies. X-ray excited Auger transitions, however, are 
characterised by their kinetic energy and thus remain constant 
irrespective of photon energy. This phenomenon can prove useful if doubt 
exists as to whether a spectral feature is due to photoelectron or Mger 
excitation; by switching from one radiation to another, for instance 
Al to Mg, photoelectron peaks will move by 233 eV on a kinetic energy 
scale but Auger peaks will remain static.
Thus qualitative analysis of XPS results is relatively straightforward, 
merely requiring the definition of binding energies. If confusion arises 
owing to the superposition of the two main photoelectron lines of 
two elements it is necessary to examine the minor peaks for qualitative 
information. There are also various peak splitting and loss features 
which may occur, these are discussed further in section 3.4.
The X-rays penetrate the sample to a depth of 10-20 ym and excite 
core level photoelectrons from the elements present. Hie number of 
photoelectrons excited from an element depends on its photoelectric 
cross section, a , these have been calculated by Schofield"^, and are 
shown graphically in Figure 3.3 for Al Kd radiation.
\
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Figure 3.3 Photoionisation, cross-sections for Al Ka radiation .
The probability of photoelectron ejection in the particular 
direction of the energy analyser requires the definition of an anisotropy 
term L(y) given, for unmonochromated x-rays by333:
. 2
L(y) = 1 + 1  3(3/2 sin y - 1 ) ....(1)
Wliere y is the angle subtended by the incident radiation and
electron optics of the analyser (for the VG ESCA 3 y = 105°), 3 is
a constant for a given subshell, atom and x-rays. Values of 3
115for Al, Mg and Zr radiation have been reported and range from 0.3 
to 1,8. The anisotropy of photoelectron emission is, however, often 
marred by other design and operating features.
Quantitative analysis of XPS data may be obtained from the relation-
, . 116 ship :
/
oo
exp (-x/sin9) dx exp (-d/xsinQ) K ...(2)
l
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I is the number of electrons received from a given energy level, J
is the photon flux, 0 its angle to the'specimen, Z, the concentration
of a given element in a defined valence state, a the photoemission cross
section. The integral term represents the XPS "sampling depth" where
A is electron inelastic mean free path, and 9 the photoelectron take off
angle with respect to the specimen surface. The final exponential term
relates to the attenuation of the photoelectron by a contamination layer
of thickness d. K is the instrumental collection efficiency, which in
turn is dependant on analyser properties, slit size and
electron detector characteristics and settings. As J and K are so
variable it is not usual to use raw count rates but values normalised
with experimentally derived sensitivity factors. The sensitivity factors
are obtained from well defined fluorine compounds, all values are relative
to FIs taken as unity. Fadley et al have discussed variations in equations
of this type in terms of sample condition, x-ray refraction 'and reflection,
117and other instrumental parameters
By manipulation of equation (2) it is possible to define three basic 
conditions; if d^ is the thickness of an outer absorbing layer, and d 2 
the thickness of an inner emitting layer on an infinitely thick substrate 
then:
1 ~ dl9 = exp ^ 1   (3)
1 Asin 9
(X)
This is the relative signal from a contaminated substrate where I^ oo
is the signal from a clean, infinitely thick substrate.
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Id-2 9 = 1 - exp -&2 • • • • (4)
A s m  9
representing the relative signal from an uncontaminated overlying (oxide) 
layer.
I^d-j© ' = exp -d^ — exp -(d^ + d2) .... (5)
I AsinQ Asin 9OO
gives the relative signal from a contaminated overlayer.
By varying the photoelectron take off angle, 9, equation (3) becomes:
* ^1 = exp bl (cosec ©., - cosec 09) ....(6)
I 02 A 1 Z
A useful form of such relationships is the case when the signal from 
the substrate (equation 3) is attenuated by a layer of its own oxide 
(equation 4), then d^ = d 2 and hence:
loo d9 = exp -d
Id©
/ 1 - exp -d
Asin© Asm©
As well as variation in take-off angle, 0, it is possible to change 
A; either by considering electrons of different binding energies, or by 
changing the kinetic energy by the use of a different X-ray source. In
i
general the inelastic mean free path of a photoelectron varies as E^ ,2.
To allow for instrumental and a differences it is usual to normalise
the signal obtained with respect to that of fluorine, using sensitivity
factors obtained from well defined stoichiometric compounds. Sensitivity
118—120factors have been reported by several workers and have recently
n 121
bee critically reviewed by Seah with a view to producing a reliable set
of reference data. This author also lists parameters necessary for the
1
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transfer of such data from one type of instrument to another.
Normalised photoelectron peaks are often summed to produce a 
quantitative analysis of surface composition. This route to quantitative 
analyses is valid but the accuracy depends on quality of data and mode 
of data manipulation. By integrating the peak area after an appropriate 
base line subtraction using a suitable computer routine, rather than merely 
measuring peak heights, assymetry due to peak broadening can be taken
4-
into account and the accuracy obtained is good (- 5% ). It should be 
remembered, however, that such analyses can only be directly compared 
with results obtained on spectrometers of similar (analyser) design, 
operating under similar conditions.
3.3 Instrumental.
3.3.1 X-ray Source
Returning to figure 3.1 the origin of the XPS spectrum is the 
photoelectrons excited by the X-ray photons. Most commercial instruments 
use an unmonochromated source, the more recent instruments having a dual 
Al/Mg anodes. Although aluminium and magnesium) continue to be the most 
popular anode materials, other sources have been used. Table 3.2 lists 
some anode materials together with their intrinsic linewidths. In 
unmonochromated radiation satellite production can be a problem, table 3.2 
lists the satellite lines of Al Ka-^ and Mg K a ^  radiation.
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X-rays Energy, eV Width,
Y Me 132.3 ■ 0.47
Zr Me 151.4 0.77
Mg Ka12 1253.6 0.7
Al' Ka-^2 1486.6 0.85
Si Ka^2 1739.5 1.2
Zr • La 2042.4
Ag La 2984
Ti Ka^ 4511 1.4
Cr Kd^ 5414.7 1.8
Cu Ka^ 8048 2.5
High Energy Satellite Lines from Mg and Al Anodes.
X-ray Separation from Ka12(eV) and relative intensity
Line Mg Al
Ka12 0.0 100% 0.0 100‘
Ka' 4.5 1.0% 5.6 1.0'
Ka3 8.4 9.2% 9.6 7.8“
Ka4 10.0. 5.1% 11.5 3.3'
Kas 17.3 0.8% 19.8 0.4’
I(a,6 20.5 0.5% 23.4 0.3'
KB 48.0 2.0% 70.0 2.O'
Table 3.2
Anodes used in XPS together with high energy satellites of Al I(a^ 2 and 
Mg ICct12 radiation.
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The advantage of using a high energy photon source is illustrated 
122in Figure 3.4 , showing the accessibility of Al Is and Si Is with
silicon and zirconium sources respectively.
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Figure 3.4 Relative positions of the photo- and Auger-electron lines from 
the deepest Is and 2p^ 2  orbitals accessible with the four radiations used 
in the Author's laboratory.
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The anode material is deposited onto a water cooled copper substrate, 
the X-rays produced pass through a thin window and into the analyser chamber
where they impinge on the sample.
If the source is unmonochromated all satellites are present, set on a 
background of Bremmstrahlung radiation. The use of monochromated X-ray 
sources cam ■ remove such interference, and give improved resolution owing 
to the inherently narrower linewidth. X-ray flux is however reduced and 
for good quality spectra count times must be increased.
The line width of the exciting radiation will have a considerable 
effect on spectrum resolution. In this context magnesium radiation 
(FWHM = 0.8 eV) is preferred to aluminium* (FWHM = 1.0 eV). As the 
singlet is more intense than the component there is always some 
assymetry of peak shape, the ratio of Ka^ to I(a2 is generally 1:0.5. This
is illustrated in Figure 3.5 for Al Ko^c^.
Figure 3.5. The x-ray Ka^-Kc^ doublet in aluminium. Corrections have been 
made for the spectrometer broadenings.
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Samples for XPS may be in a continuous (sheet or foil) or 
powder form; with powders it is usual to mount them on the specimen 
holder with double-sided tape or pressed into indium foil if silicon 
bearing powders are being examined..
Conducting specimens are usually analysed in electral contact 
with the spectrometer to prevent charging, this can be accomplished 
in a variety of ways and depends on specimen mounting practice. Insulators 
such as minerals or polymers may exhibit a small amount of charging 
but as this is uniform across the binding energy range corrections can 
be made using a known standard (usually evaporated gold at 83eV or 
adventitious carbon at 285 eV).
In the early instruments, (e.g. V.G. ESCA 2, Varian IEE), only one 
specimen could be accommodated in the spectrometer at a time, the 
only specimen manipulation being towards the line of sight of the x-ray 
gun.
More recent instruments (e.g. VG ESCA 3 Mk II) have been able 
to accommodate a number of specimens before the spectrometer must shut 
down for sample change. Some current instruments have a facility for 
continual analysis, i.e specimens can be charged while others are being 
analysed (e.g. V.G. ESCALAB). This method of specimen handling has been 
particularly popular with industrial users where throughput of specimens 
may be of prime importance.
Specimen position can usually be adjusted in x,y,z directions 
to achieve optimum count rates. Angular (polar) resolved XPS can be 
achieved by varying the photoelectron take-off angle (9). Recently 
azimuthal studies have been reported, either on modified standard
3.3.2• Sample
I
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spectrometers ■ or custom-built angular resolved spectrometers (e.g.
V.G. ADES 400). In these experiments' the plane of examination is 
rotated at constant take-off angle, using this technique complex 
polar diagrams can be plotted which are particularly useful for 
assessing the quality of silicon single crystals for the electronics 
industry.• It seems likely that these experiments will become more 
popular with the increasing availability of synchrotron radiation 
sources.
The X-ray source is positioned as close as possible to the specimen
without interfering with the emitted photoelectrons. In the ESCA 3
spectrcmeter, this distance is some 20mm, the X-ray gun being at 30°
from the plane normal to the slit length. Although this leads to some
assymetric illumination, the effect on intensity is <0.5% for energies
121above the pass energy
Facilities are available for heating or cooling the specimen. In
124the latter case, liquid nitrogen is employed, and Gilding et al 
have shown the need for an auxilliary cryotip to prevent preferential 
deposition of advetitious carbon on the sample surface. Glove boxes 
may be used to allow the analysis of air-sensitive materials on the 
introduction of the sample into the spectrometer from an inert 
atmosphere following mechanical or electrochemical treatment. Other 
modes of sample preparation which are commonly available include in-situ 
fracture of test pieces, evaporation of metals, auxilliary electrochemical 
cells, as well as other custom built accessories.
3.3.3 The Analyser
Having excited the photoelectrons they must now be energy
analysed to produce an XPS spectrum. The common types of analyser in
121use in commercial XPS instruments have been described by Seah . The
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mode of operation and resolution capabilities will be discussed in 
terms of a hemispherical sector analyser with retarding grids, as 
employed in the VG ESCA 3 and shown schematically in Figure 3.6
Figure 3.6 Schematic arrangement of the VG Scientific ESCA 3.
The photoelectrons are retarded by the meshes and M2 before 
entering the analyser refraction takes place at the parallel meshes.
2 2Ek sin ru = Ep sin  (1)
i = 1,2, Ej is the electron kinetic energy and Ep is the retarded electron 
energy in the spherical sectors (pass energy). Subscripts 1 and 2 refer 
to angles in the plane of and normal to Figure 3 .6. Hie acceptance angle 
of the spherical analyser is limited by the size of the entrance slit, 
for small samples limitations on acceptance are:
52
nn = n7 = 1 .... (2)
x 2 2 
s s
= slit width 
Jij_ = slit length
and in the gap of the spherical sectors:
^  =. h  " Ro ^  = 0.73 ....(3)
Ro
Limitations may also occur at other stops, electrons will only be 
considered if
2
^1 ^ 1 • • • • (4)
o
For the ESCA 3 Rq = 4 inches, R2 = 4.375 inches, R^ = 3.625 inches.
Thus considering equations (3) and (4), when
2
W2 < 1.786m iDg = )2 ....(5)
W 2 > 1.786 i|» = 0.095
As both entrance and exit slits to the analyser have the same dimensions 
(i.e. = W 2) the peak area for high energy photoelectrons is given
by:
I a (effective r^) (effective r>2) (analyser area)
(peak width) ' ....(6)
Thus for W <1.786 at high energies 
I a 0.047W22 Ep2/E^
when W > 1.786 •(7)
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I  a 0 .0 6 3  W2 E 2p /E k
Thus the resolving power of the analyser is dependent on slit 
width (W) and pass energy (Ep), more simply:
AE - W Epy20Q ....(8)
(AE. is analyser resolution in eV).
Therefore, with a 50 eV pass energy and 2mm slits 
AE = 0.5 eV, i.e. a 50 eV electron can be measured to - 0.5 eV. The 
resolution can be increased by reducing the slit width or the pass 
energy. With 1mm slits and Ep = 50 eV, AE = 0.25 eV, but as less 
photoelectrons are collected the sensitivity is reduced. Thus pass 
energy and slit width settings are dependent on the type of work being 
undertaken, frequently values of W = 2mm and Ep = 50 eV are chosen.
The effect of these parameters on the resolution of the ESCA 3 
instrument is shown in Figure 3.7.
c d o
>
Pass energy. E p  (e V )
Figure 3.7 The relative intensities of the Ag3d^2 peak (by area)
as a function of slit width and pass energy in the ESCA 3 
using Al Ka radiation.
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It has recently been shown that the transmission function of the
ESCA 3 spectrometer approximates to the inverse of the function describing
-1 115
the inelastic mean free path (ER = 170-1450 eV), i.e. T a ER 2
The spectrometer may be operated in either of two modes; 
fixed analyser•transmission (FAT, CAE, aE = constant), or fixed 
analyser retard hatio (FRR, CRR, AE/E, = constant). The constant AE 
mode is generally applied in XPS whilst the constant retard ratio mode 
is preferred by Auger spectroscopists. In the FAT mode the voltages 
of the two hemispheres and the slit plate are kept constant with respect 
to the mesh M 2, the voltage of which is ramped electronically. Electrons 
of energy Ep greater than voltage of the mesh are detected with constant 
resolution, given by equation (8). In the FRR mode of operation the 
voltage ratios for all photoelectron energies are kept constant so that 
k Ep = Er . To achieve a resolution of say , 0.5 eV at 1400 eV the 
resolution isinc'reasedto 0.25 eV at 700 eV and 0.125 at 350 eV. The 
effect of different modes of operation on relative intensity of 
spectral peaks is shown in Figure 3.8. The relationship between transmission 
efficiencies in the two modes of operation hasbeen described by Cross and 
Castle125.
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Figure 3.8 Spectra of aluninium foil, acquired in FRR and FAT modes.
Relative intensities were measured by cycling between these 
two modes at 50 eV intervals across the spectrum.
3.3.4 Electron Detection
At the output stage of the analyser the photoelectrons are
detected by a channel electron multiplier (channeltron). This consists
of a small curved glass tube coated internally with a high resistance
material. A potential is applied across the ends of the tube, electron
impingement on the inner surface gives rise to a small electric current
which must .then be amplified. The channeltron must be in good condition
for accurate electron spectroscopic determination. The effect of condition
on spectrometer performance, and a novel way of reconditioning chaneltrons
X2 6has been discussed by West
i
I
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The counting efficiency of the detector is not unity but varies 
with the energy of the incident electron. In the FAT mode, electron 
energy = pass energy = constant and therefore the detection efficiency 
is constant and may be ignored. In the FRR mode this is not the case, 
but suitable design'should keep variations within 5%.
3.3.5 Data handling
Once the photoelectron signal has been detected and amplified, 
an XPS spectrum can be produced. The simplest way of achieving this 
is by the use of an X-Y plotter connected directly to the spectrometer 
and ratemeter control units. However, this is not satisfactory for 
quantitative analysis where peak areas of singlets and deconvoluted 
multiplet peaks need to be measured.
Many electron spectrometers are now interfaced with a computer 
which controls the instrument during acquisition, stores the data, 
allowing it to be retrieved at a convenient time for data manipulation. 
Such data systems may be achieved by using the in-house mainframe 
computer, with user developed software, or by a dedicated system supplied 
by the spectrometer manufacturer. Hie system in use at the University 
of Surrey to control the V,G. ESCA 3 Mk II is a V.G. 3040 data system 
based on a DEC PDP8e computer. Using this system the XPS data can be 
manipulated in a variety of ways; background subtraction addition and 
comparison, deconvolution of multiplet peaks, curve synthesis from given 
singlets, satellite subtraction, as well as listing and recalibration 
facilities.
i
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3.4 Interpretation of X-ray Photoelectron Spectra
3.4.1 Photoelectron pealc position
It is usual to record the photoelectron peak position in terms
of the electron binding energy E^ , as this is independent of excitation 
source.
In unmonochromated XPS only the core electrons are considered. 
Investigation of valence electrons requires the use of a monochromated 
source, or preferably, a low energy source such as a helium lamp. The 
ultraviolet photelectron spectrum (UPS) of a material is more complex 
than that of the core electrons owing to the valence electrons being 
present in bonding orbitals or delocalised bonds. Some workers, however, 
have found that UPS can be used to "fingerprint” materials (especially 
polymers) in a similar way to .infrared spectroscopy.
Attempts have been made to predict binding energies from theoretical 
calculations. The simplest of these assumes that Koopman’s Theorem is 
valid i.e. electron orbitals remains frozen during ejection. The binding 
energy would then be equivalent to the energy difference between the atomic 
orbital under consideration and the free electron level of the atom.
In practice, some orbital relaxation occurs and the binding energy of the
eelectron is smaller than that predicted by Koopman’s Theorem, For a 
given atom the relaxation energy can be assumed constant in all compounds 
and therefore correlations between chemical shifts and one electron 
ionization energies are valid.
To a simple appoximation the binding energy of an electron may be 
expressed as12'7;
+ E,o
R
!
58
KAqA represents the net formal change on the atom, E° is a reference 
level, the other term represents the Madelung potential. Hie binding 
energy of an electron depends on its chemical environment, and one of the 
great advantages of XPS is its ability to determine the valence state 
of an element. A list of chemical shifts for some elements is presented 
in Table 3.3
Table 3.3 Representative XPS Chemical Shifts
Element
O xidation :e
—3 — 2 -  1 0 +-1 •1-2 + 3 + 4 +  5 +  6 +  ~
[5] Bo ro n  (Is) - _ 0 — -  5 3 -- — —-
[7] N itrogen (l.s) - — 0' — > 4 .5  ’ -5 .1 — + 8 .0 — —
[17] S ilicon (2/>) - — - 0 - - - 4 — — —
[15] Phosphorus (2/7) -  1.3 — — 0 — - 2 .8 — +  3.1 — —
[16] S u lfu r  (2/7) — - 2 .0 — 0 - — > 4 .5 — +  5.8 —
[17] C h lo rine  (2/7) _ _ — 0 _ _ — •- - 3 .8 — - 7 .1 — +  9.5
[24] C hrom ium  (3/7) — — — 0 — - — - +  5.5 —
[29] Copper (Is ) — — — - +  0. • — t - — — — — —
[33] Arsenic (3</l 0 — — -• — +  3.9 — h* 5.3 — —
[34] Selenium  (3/0 — - 1 . 0 — 0 — - +  3.6 - +  4.5 —
[35] Brom ine (3</) ■- 0 - - - +  609 — +  7.6
[42] Molybdenum  (3</| - _ 0 - - - 4 .3 +  6.0 —
[52] Te llu r iu m  (3d ) ... - 0 .7 — 0 — - - 2 .4 +  3.5 -
[53] Iodine (4M • — - 0 — - — -  5 3 •- +  <7.5
[63] Eu ro p iu m  (4/7) — — — 0 — 4 - 7 . 8 — — —
Using Pauling electronegativity calculations, attempts have been
1 77made to deduce atomic charges which correlate with chemical shifts .
q- = Q. + E. / • n I.. i xi if 3 i]
Where is the formal charge on the atom i, n is the number of bonds 
in which it is involved, and I. . is the partial ionic character of the bond
J
between atoms i and j.
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Iij = i - exp (-0.25 xi + xj) 
where xi and xj are the appropriate Pauling electronegativity values.
The calculations for gaseous molecules are straightforward requiring 
only the determination of K^. Good correlation is found between qi 
and chemical shift (AEg). However calculations for solid molecules are 
less straightforward.
113The 'simple ionic model’ postulated by Siegbahn et al considers 
the valence shell as a spherical envelope having a charge q removed 
to an infinite distance. Hence, the potential energy of the inner (core) 
electrons will be given by:
E = §■ where r r a d i u s  of valence shell,r
If r = 0.1 nm, the result E = 14 eV is found, which is too high 
for unit charge removal. Here, the erroneous assumption is that the 
valence electrons are removed an infinite distance when in reality 
they would be expected to move to the counter-ion.
Assuming an intemuclear distance R, then:
2
for core electrons where the opposite sign is used for the two atoms. 
—
When A .B ^ ions are arranged in a crystal lattice there is exerted 
upon the core electrons a coulombic force from the other ions. A 
Madelung constant, a, is thus added:
Common values for the Madelung constant are 1,7 for 5 a.u. nearest neighbour 
distance. Siegbahn eventually arrived at 5 eV per unit charge. This 
high value is due to the omission of valence orbital overlap or penetration 
which would tend to change ’r ’. The model is therefore more applicable 
to ionic crystals rather than organic compounds.
60
Such theoretical interpretation of peak position and chemical 
shift are undoubtedly useful but the identification of spectral peaks, 
in practice, is invariably carried out by comparison with published
data. Such data may either take the form of a compilation of
128 129peak positions or a handbook of spectra showing relative intensities
of the various photoelectron lines. Where chemical shift information
is required the preferred practice is to analyse stiochiometric samples
of the materials under consideration to obtain "in-house" standards for the
instrument employed. Often analysis of multi-component peaks is required
and a computer based curve synthesis routine is invaluable for
determining relative amounts of each state.
3.4.2 Auger transitions
Most XPS spectra will contain peaks due to Auger transitions (Figure 
3.2(c)). These peaks are less well defined than the photoelectron 
peaks owing to their more complex selection rules. Overlapping XPS 
and X-AES lines can sometimes pose a problem but if the spectrometer is 
equipped with a dual anode this is easily overcome, e.g. Nls/NiLMM 
.Cls/NaKLL , Nals/CIKLL peaks overlap in Mg Ka radiation but not in
y
Al Ka. Occasionally the Auger peaks may be used to provide additional
chemical information not available from the photoelectron lines. This is
the case with copper, the XPS spectrum shows a shift in the Cu 2p3/2
peak position of about 1 eV between Cu(0) and Cu(II), but Cu(I) is not
readily distinguished from Cu(0). The X-AES spectrum shows a shift between
Cu(I) and Cu(II), the Cu(0) Auger peak position being the some as for Cu(Il}?G
131This effect is of particular use in the study of copper based alloys (e.g. ).
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3.4.3 Contributions from the X-ray source
With an unmonochromated X-ray source the radiation will consist 
of a narrow, intense line of Ka^ 2 photons and several weaker 
satellite lines, as listed in Table 3.2. These satellite lines only 
become a problem when they coincide with XPS lines. Frequently a 
data system supplied with a'spectrometer will have a satellite 
subtraction routine, if this is not available it is a relatively simple 
task to deconvolute the photoelectron.peak from the satellite using 
knowledge of relative pealc positions and intensity.
Ghost X-ray lines may also arise due to the excitation of ’foreign’ 
materials in the region of the anode. These may be Al Ka from the 
aluminium window when using Mg Ka radiation, a contribution from the ’other’ 
anode in a dual anode source (as occurs in some Kratos ES200 spectrometers), 
or Cu Ka radiation from the base material of a worn or damaged anode732.
Both satellites and. X-ray ghosts can be removed by the use of a 
monochromator which will improve resolution but reduce sensitivity.
3.4.4 Multiplet splitting
Multiplet splitting arises from the interaction between unpaired
133electrons in the valence band (e.g. transition metals and their compounds 
and rare earth compounds73^), and an unpaired electron in a core orbital 
following photoemission. Since there are two possible configurations, 
(unpaired electron spins parallel or anti-parallel), the final energy 
state is not uniquely determined. This is reflected in the splitting of 
the core lines within the photoelectron spectrum. Multiplet splitting 
is relatively simply described for the' s levels; in Cr (III) compounds 
for example, the uncoupled d electrons interact with the parallel spin 
of the remaining 3s electrons after photejection of the other one. This
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process is more complex for the p levels owing to the greater number 
of permutations possible following 3p photoelectron ejection. Multiplet 
splitting may also be seen in satellite pealcs, as shown in the copper 
shake-up satellite of Figure 3.9.
3.4.5. Shake-up satellites
These are due to simultaneous photo emission of core electrons
and 'optical’ transitions in the valence band, resulting in the
’shake-up' of a valence electron into an unfilled orbital. The effect
is observed as an extra peak in the spectrum, typically 5-10 eV above
the main peak. Figure 3.9 shows shake-up satellites in copper and 
135nickel oxides
lO ’ c.p.s.
Binding energy (e V )
Figure 3.9 Copper and nickel spectral lines.
a. From oxidised nickel;
b. from 70/30 Cu/Ni alloy.
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This phenomenon is particularly useful for identifying thin oxides 
overlying the parent metal, where chemical shift data is uncertain, and 
a satellite may confirm the presence of a particular species, e.g.
CuO on Cu.
Shake-up, also occurs in aromatic organic molecules due to the 
it it* transitions in the benzene ring.
If, as well as the original photoelectron, the excited electron is 
emitted rather than promoted to a discrete energy level, the process is 
termed shake-off. Such shalce-off peaks will be broader than those from 
shake-up transitions.
3.4.6 Energy Loss Features
Plasmon losses occur at equal deviations from the main peak and 
are due to collective oscillations of the conduction band electrons 
of a metal. In magnesium the deviation from the main peak is 24 eV.
Their appearance depends on the chemical state of the element, they are 
present in the spectrum of a. metal but not metal oxide.
Low energy losses give assymetric peak shapes due to the higher
degree of photoelectron scattering, probably attributable to the
interaction of photoelectrons with conduction band electrons. Figure 3.10
13 6 'shows the C^s peak for graphite and polythene , and the large energy 
loss tail of graphite can be clearly seen.
Figure 3.10. photoelectron peak-shapes in graphite and polyethylene.
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3*4.7. Charging Effects
The specimen must be in electrical contact with the spectrometer 
for a binding energy to be accurately defined. For conducting samples 
this is easily achieved but for insulating materials such as polymers 
it is necessary to adopt a secondary standard. Those generally employed 
are an evaporated gold layer, or, more frequently, use is made of 
the adventitious carbon Is line.
For meaningful XPS results the energy scale of the spectrometer 
must be calibrated correctly, this can be achieved by either of the above 
methods. Often it is useful to use a standard which has well defined 
high and low energy peaks (e.g. copper), to check linearity of the 
energy scale.
137Calibration has been discussed in detail by Wagner . The 
results of an American round robin investigation to check and compare 
spectrometer performance, under the auspices of the ASTM, has recently 
been published738.
An alternative method of overcoming charging is to specify peak 
separation rather than charging. Of particular use is the Auger parameter 
a*, defined, for silicon, as:
a* = EI((KLL) “ EK(2p)
where is the kinetic energy of the SiKLL Auger peak, and
EI((2p) tEe energX ^ ie photoelectron peak. It has been shown that
this parameter is independent of sample charging but strongly dependent
139 140on molecular and crystalline structure . Wagner has recently reported 
the; use of plots of Auger energy or parameter versus photelectron energy 
for elucidation of chemical state information.
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3.5 Depth Profiling in XPS
Depth profiling in XPS can be achieved in a number of ways, both 
destructive and non-destructive. The type of profiling method chosen 
is dependent on the depth, and to a lesser extent the depth resolution 
and sensitivity required. The most popular method for obtaining 
depth-composition profiles in XPS is without doubt argon ion bombardment. 
Mien used in XPS analysis, where the analysis area is large care nust 
be taken to ensure uniformity of etch, this problem, and others will 
be considered further in Section 3.5.2. The non-destructive methods 
depend on either the variation of photoelectron inelastic mean free 
path (IMFP) with energy, or the variation in analysis depth with 
photoelectron take-off angle.
3.5.1 Non-destructive depth profiling
In a recent compilation of experimentally determined electron
i 141
IMFPs (A) it was shown that A varies as ER2 . This variation is 
shown graphically in Figure 14 for elements (Figure 3.11(a)) and compounds 
(Figure 3.11 (b)). It can be shown that for XPS some 95% of the 
photoelectron signal comes from within 3A of the surface (often referred 
to as the analysis depth).
Figure 3.11. Compilation of IMFP measurements in nanometers for (a) 
elements and (b) compounds. !
Depth information in the range 0.5 - 5.Gnm is available merely by 
comparison of high and low energy photoelectron lines (e.g. Fe2p3/2 
and Fe3p, Cu2p3/2 and Cu3p3/2) with those of known standards. 
Alternatively the photoelectron kinetic energy can be varied by 
changing the X-ray source, easily accomplished in dual anode sources 
(the Al/Mg source has an energy difference of 233 eV, whilst for the 
Mg/Si source it is 486 eV).
Surface sensitivity can also be enhanced by low photoelectron take 
off angles as shown in Figure 3.12
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ANGULAR D E P EN D E N T 
X-RAY PHOTOEMISSION
90*
45* 2 5 »
\ °  ...
i i I l l  ^
d »  X  SIN 0
Figure 3.12. Relative sampling depth for angular depdndent X-ray 
photoemission spectroscopy (ADXPS); d is the effective sampling depth 
and 9 is the electron talee-off angle relative to the surface plane.
If data is collected at two take off angles:
I
9 -d 1 = exp ( 1) (cosec 9-, - cosec 99)
r  “ 3  T  Z
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describing the angular variation of the substrate signal in the 
presence of an overlayer of thickness d^.
Thus, low values of 9 can give a more surface sensitive analysis. 
The use of 9 variations and electron energy charges are shorn in 
Figure 3.13:
“ I-------------1-------------1-------------1--------— I------- - “ I------------ 1------------ 1------------ 1------------ 1---------
8 52  8 60  8 52  860
Binding Energy (eV)
Figure 3.13. The enhancement of an oxide signal in low energy photons: 
comparison with angular variation (a) and (b) for oxide 
on single crystal Ni, (c) and (d) data obtained using 
polycrystalline nickel.
142The use of angular XPS has been discussed by Fad ley and various
models have been proposed for the elucidation of composition depth
143-145profiles from angular data . However the use of such techniques
is not valid for rough surfaces owing to the problems of (i) X-ray 
sheilding, (ii) different emission angles from different regions of 
the specimen.
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3.5.2 Destructive Depth Profiling Methods
Methods in this category all involve the physical removal of 
surface layers and subsequent XPS examination. The most widely 
applicable technique, and the one giving the best depth resolution 
is ion sputtering of the surface with inert gas ions (usually argon).
Other methods involving the mechanical or chemical removal of the 
surface have been reported but are not widely applicable owing to 
their poor depth resolution and limitation of materials type. The 
large analysis area of XPS precludes the use of angle lap profiling which 
is. widely used in AES to give a layer through the region of interest 
prior to Auger point analysis. A recent development of angle lapping 
is the ball cratering process77^ , which uses a hemispherical crater 
to achieve the taper. A critical appraisal of angle lapping and ion 
sputtering for composition depth profiling in AES has recently been 
published7,77.
As sputtering operates on an atomic scale the depth resolution 
attainable should approach this dimension, but in practice, there 
are other factors which affect this parameter. When using ion-bombardment 
for depth profiling in XPS it is usual to sputter for a given time, 
analyse the surface, sputter again, and so on. To convert the information 
to a meaningful depth profile it is necessary to know the sputter rate 
(Z) of the material being considered. This is defined as77^ ;
pEe SmjV
Where' M is the atomic mass, p the density, L AvrogadroTs number, e 
the elemental charge, Sm the sputtering yield (atoms ion 7) and jp- the 
primary current density. In practice the theoretical calculation 
of sputter rate is usually hampered by several factors due to ion gun 
design and operating conditions, specimen type and surface topography,
and ion induced reactions at the sample surface. It is usual to 
erode a specimen for a given time and experimentally determine 
the depth of crater by profilometry or interferometric means. A 
linear sputter rate with time being assumed.
The depth resolution attainable in sputter depth profiling is a
148combination of many variables. These are listed in Table 5.4 :
Table 3.4
Factors contributing to depth resolution
Instrumental (primary ion beam inhomogeneity, etc).
Initial surface roughness 
Statistical surface erosion (SLS model)
Crystal orientation and imperfections 
Information depth (X, electron back-scattering, r) 
Preferential sputtering 
Khoclc on and cascade mixing 
Atomic transport (bulk and surface diffusion, 
segregation etc.).
The factors which are of most importance in routine depth 
profiling are (1), (2), (6), (7) and each will be briefly considered.
Instrumental factors which affect the sputtering process are 
either design or operating parameters. The sputtering gas pressure 
in the system, the potential of the gun and the.! focus potential 
(if applicable) must all be optimised for a given experimental situation. 
The most important instrumental parameter which can lead to eroneous
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2 .
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6 .
7.
8 .
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results in sputter depth profiling is imhomogeniety of the ion flux 
over the analysis area. In XPS this may be due to misalignment of the 
ion gun and X-ray source, the use of a rastered ion beam will improve 
matters considerably. The choice of sputtering gas used is important. 
Argon is almost universally employed for routine depth profiling, 
although sputter yield is highest when ion and substrate masses 
are closely matched. Sputtering yield is at a maximum at approximately 
60° to the sample surface.
The effect of surface roughness on depth resolution has received 
little attention but it appears that initial surface roughness will 
act as an amplification factor on the .ultimate depth resolution 
achievable.
Preferential sputtering is due to the differing sputter rates 
of various materials, and can become a real problem when alloy systems 
are investigated. Care is needed when interpreting such results 
as a phenomenon which appears to be due to near-surface segregation 
may be due to preferential sputtering of elements involved. In practice 
ion bombardment of alloy standards is needed to check for any such 
reaction which may occur. It is usually possible to negate this 
term by careful choice of bombardment conditions.
Knock-on occurs when near surface atoms are implanted into deeper 
layers due to the interaction of the ion beam and surface atoms, atomic 
mixing may also take place induced by a collisional cascade. Both these 
effects can lead to errors in any compositional depth profile but can 
be minimised by careful choice of projectile species and beam energy1^ 9. 
In general the effects of knock on and cascade mixing can be reduced by 
using heavy ions of low energies at grazing incidence.
A nomographic method has been devised for the identification of
150interface position in an ion etch profile , estimations of damage 
severity can also be made.
A problem which is sometimes encountered in the interpretation of 
composition depth profile obtained by sputtering is that of ion induced 
reaction, at the sample surface; this is often seen as reduction of a 
chemical species to a lower valence state. Great care must be taken 
when interpreting chemical shift data from XPS spectra, it is 
usual to ensure the ion beam stability of the compound involved before 
conmencing a lengthy investigation. Table 3.5 lists the requirements 
necessary to obtain optimum sputtering depth profile.
Table 3.5
.Survey of requirements to obtain optimum sputtering depth
profiles
Ambient - low residual reactive gas pressure (sputtering gas
excepted):
Preact. gases «  10"4 JP Cp*™"2)
Sample - flat (polished.) surface
- amorphous (noncrystalline, no second phases)
- components with similar sputtering yield
- sufficient electrical and heat conductivity
Primary ion
- constant, uniform current density
beam
- low energy (<1 keVj
- at glancing incidences
- if possible: reactive ions
- beam rastering (XPS, AES)
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There are several types of ion sources in use in conjunction with 
surface analytical equipment, the most popular being hot filament, and 
cold cathode designs.
In the former type electrons from a heated filament are accelerated 
into a cylindrical grid where they have sufficient energy to ionise gas 
atoms on' collision. The ions are extracted from the grids by 
fringing fields from an adjacent anode which accelerates the ions into 
a focus electrode and onto the sample at ground potential. This type of 
ion gun produces a good quality beam, with a narrow energy spread, 
and a small proportion of multiply charged species. Beam energies in 
the range 0.5-5 lceV are available in a spot size of 100 ym to 
several mms diamters.
In the cold cathode source the gas species are fed directly into
the source and a differential pressure exists between the ion gun and
the sample. The anode is held at a positive potential with respect to
an earthed cathode. A cold cathode discharge is maintained down
-5to pressures of 10 r. Ions from the discharge are allowed to escape 
through an exit aperture (of carbon or tantalum) in the cathode and 
bombard an earthed specimen. Recent Vacuum Generators surface analytical 
equipment has been equipped with a cold cathode source ion gun with 
ion beam extraction, acceleration and focussing (AG2 etc). Beam current 
is dependent on accelerating electrode potential (which extracts ions 
from the source) and on gas pressure, typically Ig = 100 yA at 5 lceV.
To ensure gas purity it is usual to employ a high purity grade, sometimes 
passed over titanium sponge at 800°C to remove any-residual oxygen.
by
Despite the problems encountered in compositional depth profiling 
ion sputtering it is possible, by careful choice of ion gun operating
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parameters, to obtain meaningful depth profiles and chemical state
information from this technique. This is well illustrated by the
151XPS analysis of the passive film on stainless steel . Recent
work has confirmed that by using carefully chosen conditions, uniformity
of etch craters, and stability of iron oxide is attainable with low
energy beams ( -3kV) with a semi-focussed beam from a cold cathode 
152source
The importance of ion beam profiling in surface analysis is
illustrated by the decision to devote a recent meeting of the U.K.
1 53ESCA Users Group to this topic
3.6 Applications of XPS
The growth of surface analysis over the past decade has been 
very rapid, it has been estimated that some 1000 surface analysis 
instruments were installed world wide up to 1977. It is clear that 
the application of such techniques is no longer the preserve of the 
scientific researcher carrying out carefully controlled experiments, 
but find much use in a wide range of industrial arid technological 
applications. The use of such instruments in the U.K. is illustrated 
in Figure 3.14121.
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Figure 3.14
The intensity of application of surface analysis, illustrated by the 
manufacturing sectors of the U.K.
Although many of the applications of XPS in industry are not widely 
reported owing to the need for commercial secrecy, the number of 
investigations reported in the open literature is steadily increasing. In 
some industries XPS has become a routine quality control operation, 
something which could never have been envisaged by Siegbahn and his 
colleagues fifteen to twenty years ago.
In this section the general areas of endeavour of research using 
XPS will be briefly outlined.
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Corrosion science has probably benefited from XPS analysis more 
than any other discipline. The ability to characterise a thin surface 
film whether it be due to natural oxidation, aqueous corrosion, or high 
temperature corrosion, has led to a new in-depth understanding of many 
corrosion processes. The literature on the application of XPS to corrosion 
science has been reviewed by Castle,30,116,154 w|lQ sets QUt
requirements for analytical studies in this field and lists the areas 
of research which have benefited from surface science.
It is important to ensure that transfer from the hostile (corrosion)
environment to the spectrometer does not alter the nature of the
surface film. In most cases a brief exposure to air has no effect. An
155in-situ spectrometer corrosion cell has been described which allows 
direct translation from the corrosion environment to spectrometer 
analyser chamber.
The contamination layers which are deposited on metal surfaces 
following surface cleaning have been extensively investigated using 
surface analytical techniques (Chapter 2).
Gas phase corrosion has been investigated by XPS, often carried out
by in-situ reaction in the spectrometer preparation chamber. Examples
156 15*7 153include the oxidation of lead , iron ’ , magnesium, aluminium,
159 131chormium and magnanese , cupronickel alloys , as well as the
adsorption studies of other gases onto single crystal surfaces e.g.
160carbon monoxide on tungsten (110) surfaces . The study of a cupronickel 
161alloy shows that XPS can be used to determine the temperature at 
which the ambient surface film (nickel oxide) is overgrown by cuprous 
oxide.
3.6.1 Corrosion Science
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Although AES appears to be preferred to XPS in many metallurgical 
investigations due to its superior spatial resolution, there are instances 
where the chemical state information is of value, Fracture surfaces have 
been examined , following fracture in the atmosphere and in the
•I /■ 7
spectrometer, thus avoiding surface contamination
Tribology has made use of XPS both in fundemental studies of the 
self lubricating properties of refractory coatings18^  and surface 
compound formation of polymer based bearings185. The breakdown of 
lead based bearings has been 'shown to be due to lead oxidation which 
can be suppressed by the addition of tin or indium
3.6.3. Polymer Technology
As polymers are susceptible to damage by electron and ion
beams, analysis of their surfaces has been almost exclusively carried out
by XPS. The application of surface analysis to polymer techno logy has
167recently been reviewed
Mich of the pioneering work on the XPS analysis of polymers was
168 171carried out by Clark and co-workers ~ , and there is now a great deal
of data available on the photoelectron spectroscopy of polymer surfaces.
In particular, UPS of the valence band region is useful for ’fingerprinting*
172 173polymers. XPS studies of band spectra of polymers have been reported ’ 
using monochrmoated radiation and longer counting times.
3.6.2 Metallurgy
The surface pre-treatment of polymers, to enhance adhesion of coatings,
174inks and dyes has received much attention . Treatments investigated
17 5 176include chromic acid etching 9 , melting polyethylene against •
77 ,\ flan 
179,180
177 178aluminium me treatments and electrical discharge (corona)
treatments'
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3.6.4 Ceramics and Glasses
The use of XPS in the study of ceramics has been reviewed by 
181Koppelman . Of particular note is the development of the Zr La
1 0 7X-ray source which allows analysis of the Sils photoelectron peak
this has proved invaluable in the examination of silicate minerals.
Catalysis research lias widely employed XPS, the behaviour of supported
metal catalysts on high surface area particles of alumina, silica and
183zeolite has been studied . The formation of intermediate compounds
in catalysis is conveniently studied by XPS, because of the chemical
184state information obtainable
'lot: i OAGlass surfaces, both of sheet and fibres have been examined ’
and XPS measurements have proved usefi.il in the study of silane based adhesion
187 188promoters on glass fibre . Colombia et al  ^ using a variety of
analytical techniques were able to report the extent of tin penetration
in the bottom surface of float glass.
3.6.5 Electronics Industry
\
The cleanliness of semiconductor surfaces, and their purity is 
of prime importance in the electronics industry. Although SIMS is widely 
used to detect very low levels of impurities meaningful interpretation of 
results is only possible by reference to standard materials. Silicon 
surfaces have received much attention, and XPS has been of particular 
value, as the oxide thickness can be estimated by consideration of the 
chemical shift of the Si2p level.
The application of surface analysis in the elctronics industry has
189 'recently been extensively reviewed
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3.7 Concluding Remarks
XPS is now firmly established as a surface analytical technique 
and great headway is being made in the understanding of experimental 
results in terms of spectrometer design and atomic structure of the 
sample concerned. In this context the work of Wagner in relation to 
standardisation of the XPS experiment, and Seah in the quantification 
of XPS and ion sputtering in terms of instrument design are worthy 
of note.
Although early XPS studies, were, in the main, confined to well 
defined experimental situations, the technique is now widely used in 
industry on a quality control and trouble shooting basis, as well as 
for more long-term research projects.
As with any analytical technique electron soectroscopists are well 
advised to compare experimental results with known standards, both to
check for peak shape and position as well as any radiation induced damage.
122In this context a handbook such as that of Wagner et al is invaluable 
when dealing with an unfamiliar system.
Dpeth profiling by ion-bombardment is in routine use for XPS analysis, 
and once again it is necessary to check for any specimen damage or 
ion-induced reaction. Uniformity of etch area is of paramount importance 
as the analysis area of XPS is so much larger than that of AES, and it mist 
be ensured that X-ray and ion beams are irradiating the same area.
So long as these and other factors are considered, XPS provides 
an excellent means of achieving a surface analysis. It seems likely that 
the scope of XPS will continue to expapd as it becomes available in a 
greater number of industrial research and development laboratories, and 
universities take on more industrially orientated research contracts.
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4. Effect of Surface Pre-Treatment on Steel Surface Characteristics
4.1 Introduction
For many years now it has been appreciated that for good adherance
of an organic coating or adhesive to a metal substrate the surface of
the latter must be efficiently cleaned of any extraneous material, which,
13if not removed may lead to the formation of what Bikerman describes 
as weak boundary layers. Such layers will lead to premature failure of 
the system, the locus of failure being in, or adjacent to the contaminant 
layer. In recent years surface analytical techniques have been 
employed to estimate the nature and relative amounts of surface 
contamination. As described in Chapter 2 a strong correlation has been 
observed between the level of carbonaceous contamination and the level 
of coatings adherence. Although most of this work has been carried 
out with the automotive industry in mind, the results would seem to be 
widely applicable to the whole of the surface coatings industry.
Surface chemistry of the adherend is known to play an important 
part in coatings adhesion, but it is clear that in some cases the surface
21 190topography is equally (if not more) important * . This is particularly
true for heavy duty coatings operating in very severe conditions where 
corrosion protection is all important the aesthetic appearance of the 
structure being very much a secondary consideration.
To gain further insight into the changes in steel surface 
characteristics brought about by pre-treatment processes, a variety of 
methods were investigated by XPS. Surface topography was compared by 
the use of scanning electron microscopy and stylus profilometry. The 
changes in surface composition on exposure to the atmosphere for short 
time (up to 100 hrs) were monitored. As most coatings are stoved after
8 0
application or applied to a pre-heated substrate the effect of heat 
treatment on surface chemistry was investigated for some of the pre­
treatment methods. Angular resolved XPS was used in an attempt to 
elucidate the structuring of polar carbon groups and adventitious 
carbon on the steel surface.
The effect of a phosphoric acid wash treatment and subsequent 
heating on surface chemistry was also studied.
4.2 Experimental
4.2.1 Sample Preparation
Coupons approximately lQmm x 8mm were cut from 16SWG mild 
steel sheet following the appropriate surface treatment. Two types of 
steel sheet stock were employed, the first designated "as received I" 
for surface topography measurements was used for the work described 
in this chapter and the delamination studies of polybutadiene (chapter 5). 
"As-received II" stock was used in the investigation of epoxy disbondment.
Some preliminary experiments were carried out to assess the level 
of contamination brought about by handling, and the five surface pre- 
treatments that were subsequently investigated were as follows:
191(i) Agitation in a commerical alkali cleaner at a concentration
of 6g dm 3 at 70°C for 5 minutes. Followed by rinsing in 
de-ionised water and drying in a jet of oxygen free nitrogen.
(ii) Abrasion, under water, on 600 grade silicon carbide paper.
(iii) Abrasion with grade F engineer’s emery cloth (120 grit).-
(iv) Ultrasonic agitation in analar acetone for 5 minutes.
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(v) Grit blasting with G12 chilled iron grit at an air pressure 
of approximately 90 p.s.i. Rate of cleaning was such that 
a 3" x 4" panel achieved a uniform white metal appearance 
in 90 seconds.
Once treated in the appropriate manner specimens were exposed to 
laboratory air for varying lengths of time to investigate any short 
term time depending on the passivating process. Times of up to 100 
hours were used.
In the coating of gas transmission line pipe the substrate is heated 
to - 250°C immediately prior to application of the coating. In an 
attempt to simulate the changes in surface chemistry that talce place on 
heating two sets of experiments were carried out. An emery abraded 
mild steel specimen was heated to various temperatures in the spectrometer 
preparation chamber and air bled in at reduced pressure (10 1 torr) for 
5 minutes, the chamber was then evacuated and the specimen allowed to cool. 
By carrying out this procedure at 120, 200 and 320°C the changes in surface 
composition with temperature can be assessed. In the second set of 
experiments alkali cleaned and emery abraded specimens were heated in air 
at 250°C for 1 hour, and their surface composition determined. A 1 ym 
diamond polished specimen was also treated in this manner for angle resolved 
XPS analysis.
Field trials have shown that the application of a phosphoric acid wash
to a pipe iimiediately prior to the heating and coating operation may, under
192certain conditions, enhance coatings adhesion . To investigate the effect 
such a treatment may have on surface composition, grit blasted steel panels 
were immersed in 2% H^ PO^  solution at 85°C for 2 or 10 minutes, followed 
by a 30 second wash in boiling de-ionised water. Samples were prepared 
for XPS analysis after the acid wash and also after heating in air at 
250°C for 30 minutes.
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4.2.2 Surface Analysis
XPS spectra were obtained using a VG ESCA 3 Mk II instrument with
Al Ka radiation, a pass energy of 50 eV, 2mm slits and a vacuum of 
-910 torr. A wide (survey) scan was recorded together with high 
resolution narrow scans of the Cls, 01s and Fe2p3/2 regions. Typical 
aquisition times were: wide scan 900 seconds, narrow scans 250 seconds.
4.2.3 Surface TopograplyMeasurements
Scanning electron micrographs were obtained using a Cambridge 
Instruments Stereoscan 100.
Surface profilometry measurements were made using a Rank Taylor 
Hobson Talysurf 10 instrument, where any surface lay was apparent 
measurements were made perpendicular to this. As well as recording 
the surface profile, values of the roughness average, Ra, were also 
determined. At this point it may be useful to define some of the terms 
encountered in surface texture measurement. Roughness is due to 
the irregularities in the surface texture inherent in the production 
process but excluding waviness. Waviness is the component of surface 
texture on which roughness is superimposed (waviness may be considered 
as long-range roughness). Each pattern is characterised by the lay 
(the principle direction of predominant pattern), the spacing of the 
principle crests, and the Ra value. The roughness average is defined 
as the average height of the profile above and below the centre line, 
where the centre line is a line drawn such that the areas embraced by 
the surface profile above the line is equal to the sum of those below it.
4.3.1.1 Quantification of XPS Results
Quantitative surface analyses were obtained (as atomic %)
from the XPS results by the use of a linear background subtraction routine
to yield peak areas which were then normalised using the appropriate
119 193sensitivity factors ’ as described in Chapter 3.
4.3.1.2 Preliminary Experiments
Before embarking on the series of experiments detailed in 
Section 4.2.1 some preliminary results were obtained on the effect of 
handling on a "clean" metal surface. Steel coupons were prepared by 
emery abrasion and then a) wiped with a clean lens tissue or b) soiled 
by fingering. After analysis the fingered specimen was subjected to 
the alkali cleaning schedule and then re-analysed. The results of 
these preliminary experiments are shown in Figure 4.1.
4.3 Results
4.3.1 XPS Results
emery em ery & em ery & em ery & hand contam
tissue hand contam. & alkali- clean
Figure 4.1 Contamination levels on mild steel after various treatments.
It is clear that emery abrasion gives a clean surface with the 
lowest level of contamination (- 31%), iron and oxygen signals are strong 
(16% and 53% respectively).
Both soiling by wiping with a tissue and fingering, lead to an increase 
in carbon and a decrease in iron and oxygen signals; evidently the 
substrate photoelectrons are being attenuated by a carbonaceous overlayer. 
The carbon level following hand contamination is very high indeed 
(indicating the care which must be taken when preparing specimens for 
surface analysis!). When this sample is immersed in the alkali cleaning 
solution, some of the contamination is removed as evidenced by the 
increase in iron and oxygen levels, but the level of surface carbon is 
still much higher than that originally achieved (- 52% carbon compared 
with 31%).
Having studied the effect that intentionally applied contamination 
will have on a freshly abraded steel surface, the effect of surface 
pre-treatment and exposure time on the surface chemistry was investigated 
as detailed in section 4.2.1.
4.3.1.3 Investigation of Five Surface Preparation Techniques
Mild steel coupons were cut from 16SWG mild steel sheet 
after the appropriate pretreatment, and then exposed to laboratory air 
for a suitable length of time prior to XPS analysis.
XPS survey spectra of alkali cleaned and emery abraded mild steel 
after 25 hours atmospheric exposure are shown in Figure 4.2.
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Figure 4.2. XPS wide scan spectra of mild steel after (a) alkali 
cleaning, (b) emery abrasion, and atmospheric exposure for 25 hours.
It can be seen by visual inspection that the alkali cleaned specimen 
(Figure 4.2(a)) has a much higher carbon level and lower iron signal 
than the emery abraded specimen (Figure 4.2 (b)).
High resolution XPS spectra of the same specimens are shown in 
Figure 4.3.
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Figure 4.3 High resolution XPS spectra (a) Ols region of 17(a),
(b) Ols region of 17(b), (c) Fe2p3/2 region of 17(a), (d) Fe2p3/2 
region of 17(b).
It is clear that the Ols spectra (Figure 4.3 (a) and (b)) lias two 
components, as has the emery abraded iron 2p3/2 peak (Figure 4.3(d)).
Considering the Ols spectra first. The two component singlets
of the main peak can be deconvoluted using the datasystem: the lower
binding energy singlet at 530.2 eV (Cls = 285 eV) can be ascribed to
oxide oxygen, whilst the higher binding energy component. (532..4 eV)
is due to an hydroxide species. On the emery abraded specimens these
two components are of equal intensity (Figure 4.3 (b)). This is in
194accord with the findings of Roberts and Wood ‘ , who showed that the 
surface of pure iron exposed to water vapour under clean 111IV conditions 
is passivated by the formal ion of an iron oxy-hydroxide pliase. A
similar 01s peak shape is also observed for surfaces prepared by grit
blasting, specimens prepared by other methods consistently show an
excess of the higher binding energy peak, this can be seen in
Figure 4.3(a). This excess of the hydroxide species has been attributed 
30by Castle to chemisorbed water associated with hydrocarbon contamination.
195Molecular or physisorbed water will give a peak at 533-535 eV . In
practice the 01s peak was analysed as depicted schematically in Figure 4.4
3-and the relative amounts of H 20 and (00H) determined.
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Figure 4.4 Deconvolution and interpretation of the 01s peak.
In the case of the iron 2p3/2 region, peak assignment is
rather more straightforward, although the data manipulation is
hampered by the steeply rising background and large peak separation
196(4-5 eV). Brundle et al carried out a comprehensive XPS investigation
of iron and its oxides and show metallic iron (Fe°) to be characterised
2+by a 2p3/2 photoelectron line at 707 eV. Divalent (Fe ) and trivalent
(Fe3+) iron are identified by peaks at - 709.7 eV and 711.2 eV
respectively and satellites at 715 eV and 719.8 eV. Inspection of
Figure 4.3(c) shows only the iron (III) component, whilst 4.3(d)
exhibits a peak due to metallic iron at * 707 eV. This peak was
invariably observed on the mechanically cleaned surfaces and indicates
the passivating layer to be thinner than the analysis depth for the
iron 2p photoelectrons i.e. - 30 Because of the large separation
O 3"Fof the Fe and Fe components, and the steeply rising background,
i
computer deconvolution was difficult, and in practice as simpler 
graphical method was employed, Figure 4.5.
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Figure 4.5. Graphical interpretation of Fe2p3/2 peak.
The peak area was determined by the usual baseline subtraction 
routine and normalised to yield atomic percent values. By consideration 
of lengths (a) and (b) of Figure 4.5 the relative proportions of Fe° 
and Fe3+ in the analysis can be determined.
A feature of some of the carbon Is peaks is broadening- due to a 
component at 288.5 eV. Figure 4.6 shows Cls spectra for alkali cleaned 
and emery abraded steel surfaces, the broadening due to the higher 
binding energy component can be clearly seen on the emery abraded example.
Figure 4.6 Cls spectra, 72 hrs exposure.
Such broadening was strongest on the emery abraded and grit blasted 
specimens, less pronounced on the SiC abraded examples, weaker on 
acetone cleaned specimens, and never observed when alkali cleaning was 
employed. This component is due to the presence of a C=0 group and, 
as such, may be important in the consideration of the adhesion of 
organic coatings to the iron oxide layer.
Twenty five sets of spectra were recorded to assess the effect 
of surface treatment and exposure time on the surface chemistry oT 
mild steel. These were treated in the manner previously described to 
yield quantitative values for surface composition, these are presented 
in Table 4.1, and graphically in Figure 4.7. To aid interpretation 
cumulative compositional plots are used, when results are expressed in
Surf. Prep. Exposure Atomic %
Time
(hrs)
C (00H)J h 2° 'Tj CD
+
Fe°
Alkali cleaned 0 58.4 16.0 21.3 4.3 0
it 25 63.3 13.9 17.0 5.86 0
it 50 62.9 17.0 13.3 6.8 0
it 72 63.6 14.7 16.9 4.5 0
tt 3.00 62.4 13.2 19.5 4.9 0
Si C abraded 0 64.3 15.7 6.7 10.1 3.2
tt 25 66.5 19.6 3.5 8.9 1.5
tt 50 50.8 22.6 14.5 10.9 1.2
tt 72 63.9 16.0 13.1 6.55 0.5
tt 100 54.6 32.9 3.6 15.9 2.0
Emery abraded 0 41.9 26.7 6.7 19.7 4.9
11 25 30.9 40.6 1.3 23.4 3.8
tt 50 38.0 35.9 0 22.6 2.6
n 72 35.4 36.6 5.0 20.4 2.6
n 100 38.7 36.3 1.0 21.5 2.4
Acetone cleaned 0 60.0 25.2 0 14.8 0
tt 25 65.0 23.8 2.6 8.6 0
tt 50 62.4 12.4 21.1 4.1 0
tt 72 58.9 22.3 0 18.9 0
tt 100 65.5 20.3 0 14.2 0
Grit blasted 7 47.2 41.3 0 8.1 3.3
tt 24 47.6 41.8 2.2 6.5 2.3
11 56 41.6 47.8 0 8.1 2.4
tt 72 43.9 44.8 1.4 7.9 2.0
11 'v 94 44.1 45.7 0 8.2 2.1
Table 4.1 Surface Composition for Various. Treatments and Exposure Times
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this manner the amount of chemical species can be visually estimated, 
merely by consideration of the appropriate region. To distinguish 
between the XPS signal from the substrate and that from the contaminant 
layer the regions representing carbon and bound water have been 
cross-hatched.
Inspection of the results of Figure 4.7 shows emery abrasion to be 
the most effective manner of surface preparation, the level of surface carbon 
and water being the lowest of any of the pre-treatments investigated, 
some 60% of the XPS signal being due to the substrate. At the other 
extreme allcali cleaning leaves a high level of residual contamination with 
only = 20% of the signal eminating from the substrate. In no case is 
there any sign of the amount of contamination increasing with time, there 
does in some instances seem to be a relation between the carbon level and 
the amount of water present. By plotting the level of water against 
carbon, Figure 4.8, a strong correlation can be seen for emery 
abraded, grit blasted and alkali cleaned specimens with high levels of 
carbon leading to a large amount of surface water.
25 
20 
o  15
rs )
X
^  10 
5
20 30 A0 50 60 70
%  carbon
Figure 4.8. Carbon vs. water for 5 pretreatments.
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For the abraded SiC abraded specimens the situation is less well 
defined, carbon levels are high but water level is generally lower than 
expected. Acetone cleaning gives a very high level of carbon - comparable 
to alkali cleaning - but variable amounts of water.
As XPS analysis has very poor spatial resolution the distribution 
of carbon over the specimen surface was investigated, for two of 
pre-treatments, using Auger electron spectroscopy acquired with the MA500 
microscope. Emery abrasion and alkali cleaning were chosen as 
representing the two extremes of surface contamination encountered. 
Differential Auger spectra were recorded, the relative level of carbon is 
expressed as a ratio of the peak-to-peak height of the FeLMM Auger 
peak and the CKLL peak. For the alkali cleaned specimen the carbon level 
did not vary markedly over the surface, values of 0.89 for a smooth 
region (as identified by the secondary electron image), and 0.78 for 
a textured region were recorded. In the case of the emery abraded specimens 
Auger analyses were made at the peak and the valley of the surface profile. 
Values of 4.64 for the peak and 2.24 for the valley of the Auger peak, 
height ratios were recorded (Figure 4.9).
These results indicate the level of carbon to be fairly uniform 
in the case of the heavily contaminated surface, but dependent on position on 
the surface profile on the cleaner surface.
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Figure 4.9. Differential AES spectra of emery abraded mild steel
showing the difference in carbon level between (a) peak, 
and (b) valley positions 011 the surface profile.
4.3.1.4 The Effect of Heat Treatment
The effect of heat treatment in the spectrometer (specimen 
heated to temperature in vacuo, exposed to air at 10 7 torr for 5 
minutes, re-evacuated and cooled) is shown graphically in Figure 4.10.
It is apparent that at 120°C the 01s peak is no longer completely due 
to an oxyhydroxide a substantial proportion is due to the oxide, the 
iron peak is completely ferric (Figure 4.11) indicating the formation 
of Fe203. As haematite (a-Fe203) nucleation is unlikely at this temperature9 
the oxide may well be Y-Fc/y,. The Cls peak is similar to that recorded 
at ambient temperatures, indicating a considerable component due to polar 
carbon.
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Figure 4.10. Effect of heat treatment on surface composition 
of emery abraded mild steel.
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Figure 4.11. Heat treatment of steel in the spectrometer.
Fe2p3/2 spectra after oxidation at the temperatures 
indicated.
On heating to 200°C the overall level of carbon is dramatically 
reduced but the relative signal from the carbonyl bearing material 
increases. The level of iron and oxygen both rise, the Ols spectrum 
showing a diminution in the hydroxyl component, while in the case of 
the Fe2p3/2 peak some ferrous character becomes apparent (present 
at a 709.5 eV and seen as a general broadening of the peak), associated 
with magnetite, Fe^O^, formation (Figure 4.11).
At 320°C the carbon level remains at about 20% but the 
contribution from the polar organic is reduced. The iron peak (Figure 4.11) 
shows an increased amount of ferrous iron comensurate with magnetite 
growth.
Mild steel specimens were also prepared by emery abrasion, 
alkali cleaning and polishing with 1 ym diamond paste, and heated 
in air at 250°C for 1 hour. Representative spectra are shown in 
Figure 4.12, the surface compositions after heat treatment are given 
in Table 4.2.
C 0 Fe
Alkali Cleaned 42.0 37.9 20.1
Emery Abraded 32.4 49.7 17.9
1 ym Diamond 30.6 49.2 20.3
Table 4.2. Surface composition of mild steel after various 
treatments and 1 hour at 250°C.
Although the carbon level is still greater on the alkali cleaned specimen 
it has dropped to an acceptable level of - 40%. The oxygen peaks 
are similar for all three treatments showing a large excess of the 
lower binding energy component, the iron peaks are due to iron (III) 
species as observed in the initial experiments. Once again the Cls 
region shows a well defined peak at 288.5 eV, an attempt was made to 
establish the distribution of the carbon species by angular resolution 
of the electron spectra.
As described in Chapter 3, angular XPS can give depth information, 
in a non-destructive manner, concerning species at, or very close to, 
the surface. As the technique is only applicable to smooth surfaces, 
the 1 ym diamond polished specimen was employed, XPS spectra were recorded 
at photoelectron take-off angles (9) from 10 to 55°.
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The ratio of intensities of the methyl carbon line to the 
carbonyl bearing component was plotted against take-off angle (Figure 4.13).
0 °
Figure 4.13. Variation of IC-H/IOO with photoelectron take-off angle.
Low values of 9 will enhance surface species and the results indicate 
the C-H group to be closest to the surface.
4.3.1.5 Phosphoric Acid Wash Treatment
Specimens were prepared for XPS analysis after 2 and 10 minutes 
immersion in 2% H-^PO^. Two specimens were also treated in this manner 
and then heat treated at 250°C for 30 minutes. The results of XPS 
are shown in Table 4.3, both as atomic percent and elemental ratios.
Immersion Heat Atomic %
Time (min) Treatment C 0 Fe P
2 No 36.4 53.0 8.8 1.8
10 No 36.5 51.6 9.4 2.5
2 Yes 33.3 53.6 12.1 .1.5
10 Yes 33.8 53.0 10.8 2.4
Elemental Ratios
Fe/P 0/P O/Fe C/P C/Fe
2 No 4.9 29.4 6.0 20.2 4.1
10 No 3.8 20.6 5.5 14.6 3.9
2 Yes 8.1 35.5 4.4 22.2 2.7
10 Yes 4.5 22.1 4.9 14.1 3.1
Table 4.3. Effect of phosphoric acid wash and subsequent heat 
treatment on surface chemistry.
The effect of increased immersion time is to increase the 
P/Fe, P/0 and P/C ratios, due to the higher phosphate coverage at the 
expense of some of the original iron oxide and the associated carbonaceous 
material.
The heat treatment gives similar trends for both immersion times, 
i.e. increase in the Fe/P, 0/P, Fe/O, Fe/C ratios, but the effect on the 
shorter inmersion time specimen is much more pronounced. This is 
probably due to iron oxide formation in areas of steel surface which are 
devoid of the iron phosphate deposit. The effect of heat treatment 
on the 10 minute specimen is small, some carbon being removed and the 
oxygen level rising slightly.
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Surface topography was investigated by scanning electron microscopy 
and stylus profilometry.
The scanning electron micrographs of steel surface in various 
conditions are shown in Figure 4.14. The surface appearance produced 
by the abrasive treatments (Figure 4.14 e,f,g,h,i) is much as expected, 
showing the normal directionality and furrowing. There is evidence of 
debris on the emery abraded surface. Auger analysis showed this to be 
iron based in nature and not due to abrasive particles. The grit 
blasted specimen shows no texture or lay, but at high magnification 
(Figure 4.14 1) the re-entrant cavities characteristic of blast cleaning 
can be clearly seen.
The micrographs of the as-received surfaces confirm the observations 
apparent with the naked eye, that as-received II exhibits well defined 
texturing. This can also be seen on the as-received I sample but it 
is not so prominent, the most notable feature of this specimen being well 
defined islands of untextured material.
The Talysurf traces (Figure 4.15) were all recorded at the same 
sensitivity settings to obtain a visual comparison between the different 
surface profiles.
Both the SiC abraded and lgin polished traces show little structure 
and their smooth surfaces are emphasised by the Ra values (Table 4.4) 
which were recorded with the instrument at its optimum settings for the 
surfaces concerned.
4.3.2. Surface Topography Results
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Figure 4.14. Scanning Electron Micrographs of Steel Surfaces;
(a) & (b) as received I, (c) & (d) as received II, (e) & (f) SiC abraded
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Figure 4.14 (contd). (g), (h) & (i) emery abraded, (j), (k) & (1)
grit blasted.
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Figure 4.15. Talysurf profiles of steel surface in various conditions
(a) grit blasted, (b) as received I, (c) as received II.
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Figure 4.15 (contd). (d) emery abraded, (e) SiC abraded
(f) 1 u diamond polish.
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Surface Pretreatment Ra Value (ym)
1 ym polish 0.05
SiC abrasion 0.20
Emery Abrasion 
As received I
0.85
1.70
As received II 1.70
Grit Blasted 3.80
Table 4.4. Ra values for surface treatments investigated.
As expected the grit-blasted surface gave the highest Ra value 
(3.80 ym), but care must be taken with interpretation of the surface 
profile as re-entrant cavities, identified by scanning electron 
microscopy will not be resolvable, a wider peak will be the only 
indication of the presence of such features.
Hie as-received specimens, although having different surface appearance, 
and Talysurf traces, have the same Ra values (1.70ym). The as-received 
II specimen appears to have a more regular surface profile with less 
pronounced waviness. The emery abraded specimen has a fairly regular 
surface profile with an Ra value half that of the as-received specimens.
4.4 Discussion
The preliminary experiments confirm that a clean metal surface 
is easily contaminated by handling but that such contamination is 
difficult to remove by chemical cleaning. Even wiping with a tissue 
will lead to an increase in the level of contamination whilst fingering 
almost doubles the amount of surface carbon present.
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When a steel surface is prepared by abrasion or chemical cleaning 
a considerable heirarchy of layers remains. By deconvolution of high 
resolution XPS spectra and the use of angle resolved XPS it lias been 
shown that after surface treatment, and prior to the application 
of an organic coating there is a sequence of metal, oxide, hydroxide, 
polar organic hydrocarbon, chemisorbed water. In most cases there does 
not seem to be any well defined change in composition between time 
of preparation and 100 hours atmospheric exposure. This finding has important 
industrial consequences as it shows that a job can be prepared for 
bonding, coating etc., and, provided storage conditions are similar to 
those employed here, the polymer can be applied up to four days later.
It is well established that water has a deleterious effect on 
polymer to oxide adhesion77 7E. An increase in carbon levels has 
also been shown to effect adhesion adversely. It is not therefore, 
altogether unexpected that some relation exists between surface water 
and surface carbon. The results presented here show a strong 
correlation between the level of carbonaceous contamination and the amount 
of chemisorbed water. This relation is very strong for emery abrasion, 
grit blasting and alkali cleaning. Most of the SiC abraded specimens 
conform but the acetone cleaned specimens, with one exception all 
show very low levels of water with large amounts of surface carbon.
It is possible that the acetone, after removing some of the surface 
contamination remains on the surface in small amounts. This will lead 
to confusion in analysis of the 01s peak owing to the oxygen present 
in the solvent.
As the emery abrasion and alkali cleaning results were obtained 
using fresh materials for each specimen the variations due to surface 
preparation will be small. The grit blasted specimens were all prepared 
at the same time, but the condition of the grit could not be closely 
controlled, as the cabinet used a re-circulating system, it is 
possible that the grit had been contaminated on a previous job. The 
blast cleaned specimens show a higher level of carbon than those prepared 
by emery abrasion. The SiC results show no clear trend. These specimens 
were prepared, as required, on normal metallurgical grinding wheels 
and there may have been some variation in the condition of the abrasive 
paper. The variations in contamination level may be due to transfer 
of carbon from the adhesive, this would be more of a problem on worn 
abrasive papers.
In spite of the large amount of scatter observed in the carbon 
vs. water graph, if the above points are considered, the assignment of 
a value of 40% surface carbon, as measured by XPS, seems to indicate 
a clean surface. Using this guideline the emery abrasion treatment gives 
the cleanest surface, whilst alkali cleaning, using the conditions 
described here, leaves the largest amount of contamination.
Electron microscopy observations of the steel surfaces give an 
insight into the changes which take places on mechanical cleaning.
The emery and SiC abraded surfaces, as expected appear similar. The' 
grit-blasted specimen shows cavitation and re-entrant angles which 
would undoubtedly promote coatings adhesion. The steel stock shows 
evidence of temper rolling, the as-received II example having a more 
pronounced directionality.
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Although scanning electron microscopy provides a useful visual 
estimation of surface topography no direct numerical comparison of 
surface profile can be made. To obtain quantitative results an 
instrument such as the Talysurf profilometer is invaluable, the surface 
profile trace gives a visual representation of surface conditions whilst 
the Ra parameter gives numerical values which can be directly compared.
It is interesting to note that the emery abraded specimen has a lower 
Ra value then the as-receives specimen even though it appears rougher 
in the scanning electron micrographs. The surface profile of the as- 
received specimens differs widely, as evidenced by the SEM results 
and Talysurf traces and yet they have the same roughness average value.
Although both the SEM and Talysurf both give useful information 
regarding surface topography the above results malce it clear that for 
complete definition of surface roughness both methods must be 
employed.
On heating in air up to temperatures of 320°C, magnetite (Fe^O^) 
formation is seen, as demonstrated by the oxidation experiments carried 
out in the spectrometer. On cooling in air the outer surface of this 
magnetite layer is oxidised to the higher valence state. In this work 
all heat treated specimens which were examined exhibited a wholly ferric 
iron peak. This phenomenon is discussed further in Chapter 6 where 
results of depth profiling studies on oxidised steel surface are 
presented.
The carbon and bound water are desorbed on heating in air, the 
oxyhydroxidebeing replaced by an oxide,'and the surface composition, 
irrespective of pre-treatment, seems to approach the same level.
The alkali cleaned specimen, on heating, achieves a level of carbon 
which is deemed to be acceptable as a "clean'1 surface. Notwithstanding 
the general reduction of carbon levels the broadening at a higher 
binding energy (288.5 eV) is actually enhanced by heating and becomes 
apparent on the alkali cleaned surface. Angular resolution of the electron 
spectra shows this to be lying beneath the carbonaceous contaminant 
layer, probably adjacent to the oxide surface.
The angular distribution curve is not of the expected form for 
a simple overlayer. By consideration of the appropriate overlayer 
and attenuated overlayer expressions it is possible to predict the angular 
behaviour of a carbonyl bearing layer on a metal oxide attenuated by 
a hydrocarbon contaminant layer. Consider a metal oxide surface covered 
with a layer of carbonyl bearing material of thickness (t), which in 
turn is overlaid by a hydrocarbon contaminant layer of thickness (d).
The signal from this hydrocarbon layer (Iq _^) relative to an infinitely 
thick hydrocarbon substrate can be defined as:
= 1 - exp (x-~jfo-e- ) (equation 4, page 44).
TC-H
Similarly, the attenuated carbonyl signal ( I q _ q )  relative to an 
infinitely thick layer may be written:
^c+0 = (1-exp -t ) (exp -d )
T°° Asin0 As m e
iC=0
The final term of the expression accounts for the attenuation of the 
signal by the contaminant layer. If we assume = I^„q , not
unreasonable for simple organic molecules, the ratio of the intensities
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for polar and contaminant carbon may be defined as:
3C-H = 1 - exp -d
Iq _0 AsmO
(1-exp (exp -— ■)' r A s m G 7 v 1 A s m 0 ;
or more simply;
d
C-H _ exp Asino -1
Ic=0 1-exp -t
As m e
Thus by choosing suitable values for (d) and (t) the angular profile for 
IC-iI/IC= ;q may be calculated. A value of 25 X for the photoelectron 
inelastic mean free path1 11 was used. The best fit for this overlayer 
model to the experimental data is obtained using values of d = 7 A, 
and t = 5 8. The calculated and experimental angular profiles are 
shown in Figure 4.16, and it can be seen that although the fit is 
acceptable at 9 > 25° the divergence from the experimental results, 
dt low take-off angles indicates that this simple overlayer approach 
is not applicable in this case.
n*
Figure 4.1(). F.x peri men t a I and calculated angular pml'i I es for 
hydrocarbon and carbonyl hearing, layer:, on ;i metal oxide.
113.
A more sophisticated method of interpreting angular XPS results 
has been proposed by Paynter773, who has modified the overlayer approach
described above to allow consideration of concentration gradients within 
the analysis volume. This method involves summation of the relative 
signals from a discrete number of steps of the depth profile. For a 
model profile with (j) steps a' general algorithm can be defined:
where F and k are instrumental constants, n^ represents the atomic concentration 
at depth x^. For the case of a linear concentration gradient from n^ at 
the surface increasing to n2 at depth x the algorithm may be written
By choosing suitable values of n and x it is possible to predict the angular 
profile for a given concentration gradient.
It should be emphasised that because of the member of independent 
variables it is not possible to work backwards from experimental data to 
a unique solution but merely calculate angular profiles from a proposed 
depth profile on a trial and error basis until good agreement is found.
Using values of n^ = 12%, n2 = 80%, and x - 12 8 for the carbonyl bearing 
layer and = 88, n 2 = 20% for the contaminant layer, an angular distribution 
curve is obtained which matches the experimental curve very closely as shown 
in Figure 4.16
x2N - x2N-l
I (9) = Fk Asin 9 J + Asin 9 n2 nl
x
By calculating the ratio of 7C-Ii/Ic=0 the terms F and lc may be eliminated.
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Although the distribution of the carbonyl species is markedly different 
the amount of material considered is similar, the concentration gradient 
model yielding about 10% more. It is clear that this model gives a more 
realistic view of the ordering of the surface layers. Of importance to 
the coatings technologist is the information that some of the metal oxide 
surface sites are occupied by contaminant molecules, these may be displaced 
by the coating or incorporated into it on stoving. The presence of the 
polar organic at the surface also ensures that there is not a continuous 
contaminant layer which may behave as a WBL after coatings application.
The work carried out on the phosphoric acid wash treatment was merely 
to assess the level of phosphorous in the surface film and the effect of 
various immersion times and heat treatments. The results indicate that 
once an acceptable level of iron phosphate coverage lias been achieved (in 
this case by acid immersion for 10 minutes), the heat treatment has 
virtually no effect on surface chemistry. Presumably diffusion through 
the phosphate layer occurs and oxidation takes place between the metal surface 
and the conversion coating. If an acceptable level of phosphating 
is not achieved the iron oxidises on heating and will overgrow the conversion 
coating.
4.5 Conclusions
When a metal surface is prepared by the cleaning methods 
investigated in this work a hierarchy of layers can be identified (shown 
schematically in Figure 4.17). The thicknesses of the contaminant layers 
varies markedly with the method of preparation.
H^O b o u n d  with organics 
FeOOH f —  O O  bearing 
layer
Figure 4.17. Schematic hierarchy of layer present after surface pre­
treatment, and changes that occur on heating.
On heating much of the loosely bound contamination is lost, and the 
oxyhydroxide phase gradually converts to an oxide, the C=0 bearing layer 
becomes more prominent in the XPS spectrum.
Having characterised the steel surfaces before and after heat
treatment the necessary base is established to investigate the delamination 
of polymer coatings from these substrates.
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5. Polybutadiene : A Polymer Coating Produced by Post-Application Stoving
5.1 Introduction
Polybutadiene resins are widely employed in the surface coatings
198industry, their use has been reviewed by Aukett and Luxton . The polymeric
system utilised in this investigation was a commercial can coating
marketed by Du-Pont with the product designation Budium RKY-662. There were
several reasons for this choice of material, the main one being that it has
been extensively studied by Leidheiser and Kendig using electrochemical 
56 57techniques ’ . Thus a general mechanism for the de lamination of the
undamaged coating exists, and the aim of this work is to investigate the 
interfacial chemistry of cathodic disbondment and generate results which 
will be complementary to those of Leidheiser and Kendig, thus giving a 
complete picture of the delamination of this material. As RKY-662 is supplied 
as a liquid resin it is a relatively simple matter to produce coated panels, 
unlike a heavy duty epoxy coating which requires powder spraying facilities.
As the polybutadiene is semi-transparent the extent of coatings disbondment 
can be visually assessed before the test is stopped.
Prior to embarking on the cathodic disbondment experiments the chemical 
nature of the polymer coating, in the uncured and cured condition, was 
characterised by infrared spectroscopy, and the failure mode under mechanical 
loading conditions, using simple lap shear test specimens, was determined.
The nature of the polymer-to-oxide bonding has been investigated by 
the use of a novel oxide stripping technique. This is a development of the 
well known methanolic iodine stripping procedure for removing oxide films from 
iron bearing alloys and it has been possible to remove the oxide/polymer 
layers as a continuous duplex film. By the use of sequential argon ion 
bombardment and XPS analysis it was found to be feasible to approach the 
oxide/polymer interface through the oxide, thus eliminating problems of 
polymer degradation, and gaining valuable information about the chemical
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nature of the interface region.
The cathodic delamination experiments were carried out according
qto the British Gas Specification PS/CW6 . The oxide stripping technique 
was employed to examine oxide continuity following aathodic polarisation.
5.2 Characterisation of the cured polybutadiene film
5.2.1 Specimen preparation
The polymer was applied to 3"x3" x 16SWG mild steel panels using 
a wire wound bar coater, these were then cured in air at 200°C for 20 
minutes. The coating thickness, after stoving was 17 * 2 ym. The 
free films for infrared spectroscopy were obtained by coating aluminium 
foil in the manner described and then stripping the foil from the polymer 
using a 20% solution of sodium hydroxide.
Two surface treatments were employed prior to coating; alkali cleaning 
and emery abrasion. After coating the panel takes on a characteristic 
golden appearance, this is in part due to thickening of the substrate oxide 
layer, which, on uncoated steel assumes a pale straw colouration.
5.2.2. Infrared spectroscopy analysis of polybutadiene
Infrared spectroscopy (IRS) is widely used for the analysis of polymeric
materials, and many standard texts exist, both on the theory and
experimental methods of the technique, and handbooks of the spectra of
standard compounds are available (e.g. 199,200,201^ Both IRS and FT-IRS.
202-205have been used to study the curing of polybutadiene resins , and it
is apparent that the polymer cures by an oxidative mechanism.
To confirm the curing process of the films used in this work, they 
were examined by transmission IRS using a Perkin-Elmer model 397 infrared 
spectrophotometer.
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The infrared spectra of the uncured and cured films are presented
in Figure 5.1, and the oxidation which takes place on curing is readily
apparent. The main changes in spectral features which occur on stoving
-1 -1are the development of peaks at 1720 cm and 3450 cm , the former
band being very broad and due to C=0 stretching vibrations of an ester,
-1 -1shoulders on the peak at 1620 cm and 1770 cm are due to vinyl 
groups and cyclic esters respectively. The absorbance peak at 3450 cm”7 
is due to hydroxyl groups, this may, in part, by due to absorption of 
water from the caustic solution, but as this feature is seen in ATR-IR 
examination of the unstripped polymer, it is due at least in part to 
oxidation of the polymer on stoving.
The main envelope centred at 2900 cm-7 on both the cured and uncured
films is due to the C-H stretching vibration from CH^  and CH^  as would be
expected in polybutadiene. The features at 1500 cm-7 and 1380 cm-7 are
also due to these groups. The presence of C=C bond in both the resin and
-1 -1the coating is indicated at 920 cm and 930 cm . Evidence for C-0 is 
seen as a broad absorbance at 1090 cm 7 which increases on curing, C-0 
species are also suggested by a feature at 1190 cm"7 in the cured film.
The most striking feature of the IRS of the cured film is due to 
the oxidation of the resin to give C=0 and 0-H groups at 1720 cm and
3450 cm 7. The oxidised nature of the cured film is also indicated by the
-l —1development of absorbance due to C-0 (1090 cm ) and cyclic ester (1770 cm )
groups and the diminution of the vinyl adsorption bands at 1620 cm"4 and
3080 cm 7. Thus it is clear that there are many oxidation products in the
cured film, esters, ethers, cyclic esters, and other less well defined
202species. Field et al site hyperoxide, peroxides, hydroxyl, carbonyl, 
and ester groups as possible functional groups in the oxidibed film, but 
do not give experimental evidence to support all of these possibilities.
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5.2.3 Mechanical Delamination of the Coating
To establish the locus of failure of the coating under mechanical 
loading conditions, in the absence of any corrosive environment, lap shear 
test pieces were made up. These test pieces were produced from coated 
panels bonded with cyanoacrylate adhesive, the area of the lap was 
approximately 10mm x 8nm. The arrangement of these lap shear test 
specimens is shown schematically in Figure 5.2.
Figure 5.2. Schematic arrangement of lap shear test assembly
The tests were carried out in quadruplicate using a Houndfield 
tensometer. Failure loads of approximately 2KN were obtained for coatings 
applied to both emery abraded and alkali cleaned substrates.
The 'metal' and 'polymer1 surfaces of a failed emery abraded specimen 
are shown in Figure 5.3.
POLYBUTADIENE 
COATED STEEL
LSM LSP
Figure 5.3. ’Metal (LSM) and ’polymer' surfaces of a failed lap 
shear test specimen Magnification = x 2.5.
XPS analysis of these surfaces together with the spectrum of a 
polybutadiene standard are shown in Figure 5.4. The polymer standard 
was produced by scraping a cured film with a scalpel under argon 
inmediately prior to iumersion in the spectrometer. It is hoped that the 
analysis is representative of the bulk.
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Notwithstanding the very different appearance of the two sides of 
the failed interface the spectra are very similar, both to each other and 
to the standard. Thus the failure of the lap shear test specimens is 
evidently cohesive. Hie locus of failure is entirely in the polymer 
coating but lies close to the oxide/polymer interface. The higher 
concentration of oxygen within the failure zone is probably not 
significant since this could have arisen by adsorption of water and/or 
oxygen after failure and during transfer to the spectrometer.
Similar results were obtained for an alkali cleaned coated panel.
Thus the different thicknesses of contamination on the as-prepared surface 
have no effect on coatings performance after stoving.
5.2.4 Investigation of polymer-to-oxide bonding by an 
oxide stripping technique
The fact that the surface chemistry after cleaning did not seem to 
influence the performance of the coating to substrate adhesion, indicates 
that there is a chemical change occuring at the interface on stoving which 
destroys the weak boundary layer. To investigate the interfacial chemistry 
using XPS it was necessary to devise a method of approaching the interface 
without destruction of the polymer occuring. The usual means of 
acheiving interface analysis with XPS or AES is by sequential sputter 
depth profiling and surface analysis at predetermined steps until the required 
depth is reached. Unfortunately sputtering of polymers is completely 
unsatisfactory owing to problems of sample degradation. To overcome this 
problem an iodine/methanol stripping technique was utilised, thus removing 
the oxide and polymer intact as a duplex film, sputter depth profiling 
is then carried out on the oxide side of the couple.
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This method of film stripping has been in use for many years, and at 
this point it is useful to review the history of the technique and 
describe its application to the XPS analysis of interfaces.
The isolation of the passive film on iron, using an iodine stripping
206technique, was first reported by Evans who used a saturated solution
of iodine in 10% aqueous potassium iodide. The film produced was, however,
heavily contaminated with ferric hydroxide which was removed by washing
with hydrochloric acid. This attacked the hydroxide rapidly but the
oxide only slowly. In the same paper Evans reports an anodic method of
film stripping which he used repeatedly in later work. The iodine
207stripping method was perfected by Vernon et al who recognised the
importance of excluding water and oxygen from the system; they employed
a saturated solution of iodine in methanol, which had successfully been
used for the estimation of oxide inclusion in steel ingots. By carefully
purifying the reagents, and carrying out the stripping operation under
a blanket of inert gas the need for an acid wash to remove the ferric
hydroxide was reduced* Vernon and co-workers first examined iron and
mild steel, and then progressed to chromium-nickel alloys and stainless 
208steels , using the same technique. By using film stripping techniques
they were able to postulate a comprehensive model for the oxidation of
iron in the temperature range 1CO-400oC2G9,21G>. The film was usually
collected as fragments for gravimetric or electron microscopic analysis.
It was possible, however, to remove the film intact using a formvar 
211supporting coating
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212 213Using a bromine-methanol solution Mahla and Nielsen * isolated
passive films from chromium, chromium-nickel alloys and ferritic and
austenitic stainless steels. A bromine solution was employed as it was
more aggressive than iodine, they did not take the elaborate precautions
of Vernon et al to exclude air and water; the stripping being carried
214 215out in shallow, glass covered dishes. Rhodin ’ , using the same
solution as Mahla and Nielsen investigated stainless steels using an 
all glass stripping rig, with a nitrogen atmosphere, similar to the 
original design of Vernon et al. After stripping the fragments of 
film were collected on a filter disc. Dehydration studies on the passive 
films of type 304 stainless steel led Rhodin to the conclusion that they 
contained some 30-40% of bound water.
71 ftFrancis and Whillow , studying the effect of water temperature 
on the passive film formation of a type 304 stainless steel, employed 
the method of Vernon et al, using times of up to four hours, followed 
by extensive washing in methanol. Part of the film was retained for 
examination by TEM, the remainder being powdered for X-ray diffraction 
studies.
217Dye et al employed the original method, but devised a support 
system which made for ease of handling for TEM examination. Prior to 
film stripping, the oxide (still on the parent metal) was given a 
permanent support of evaporated carbon in the form of a tartan deposit, 
a temporary support of plastic was then added. Stripping being accomplished 
by leaving the specimen in'contact with the iodine solution for seven 
days, after which the film is recovered on a copper electron microscope 
grid, and the plastic dissolved. Using this method the authors were able 
to process oxide films as thin as 10 8 as well as the thicker films 
(up to 500 8) from iron-chromium alloys233’233.
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Mayne and Ridgway, using the method of Rhodin, encountered 
problems when collecting film fragments on filter discs as they were 
contaminated with products of the stripping reaction, apparently ferrous 
bromide. By heat treatment of the residue in nitrogen at 300°C 
the bromine would sublime. Mayne and Ridgway re-examined Rhodin’s results277- 
and concluded that the weight changes observed on heating are not, as 
Rhodin supposed, due to dehydration of a hydrated oxide, but of hydrated 
ferrous bromide contaminant, collected on the filter disc with the film 
fragments. Even if this was the case the value of 30% bound water reported 
by Rhodin is still some 12% higher than if the water were present only 
as FeB^^F^O. This is attributed to a 12% error in the iron analysis.
Mayne and Ridgway also investigated the nature of the oxide film after
221chromate inhibition by film stripping and electron probe microanalysis
Recently, the use of transmission electron microscopy has been
reported for the study of sprayed oxide coatings stripped from their
222metallic substrates . By the use of the appropriate chemical reagent 
it has been possible to treat the stripped film in such a way that either 
the sprayed oxide or native oxide remains intact for TEM investigation.
In all the uses of halogen stripping techniques to date the 
objective has been the isolation of an oxide film from its parent metal, 
analysis then being carried out by gravimetric or electron microscopic 
means, which assume uniform distribution of chemical species throughout 
the film. By using the oxide stripping technique as a pre-cursor to 
sequential argon-ion bombardment and XPS analysis through the oxide 
film any chemical gradients within the film can be determined. By 
approaching the oxide from the metal/oxide interface, profiling is going 
against any chemical gradients which may be induced by argon ion beam 
reduction effects. Adoption of this approach has ensured that chemical
220
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degradation of the polymer due to ion bombardment is avoided.
The oxide stripping rig used in this work is shown inFigure 5.5,
207the design and operating philosophy follows that of Vernon et al 
A saturated methanolic iodine solution was used; the iodine being 
x analar grade, the methanol was Fisons dried and distilled type (Water 
< 0.07%). Solutions are deaerated and moved by oxygen free nitrogen.
A heating cable surrounds the reaction vessel and by operating at a 
temperature of - 40°C stripping of complete films can be accomplished 
within 24 hours. The reaction vessel is demountable allowing several 
specimens to be run at once, if required. The vessel is shown in Figure 
5.5(b), the stopper is water cooled to aid condensation of any evaporated 
solvent.
A neccessity for XPS analysis is that the films are large
(- 6ii*m x 6urn), continuous and defect free. The polybutadiene coating
lends ample support, and wark of adhesion calculations indicate that the
223metal oxide/polymer bond is stable in the presence of methanol
After stripping the film is washed several times in situ using clean 
methanol. It is then transferred to a sealed container of methanol, 
ultrasonically agitated for five minutes and stored until required. During 
storage iodine is leached from the film by the solvent. If washed and 
transferred directly to the spectrometer an iodine level of -8% was 
recorded, if stored for at least 24 hours, this level is substantially 
reduced (to = \% ). In the compositional depth profiles of stripped 
films the iodine level is ommitted for clarity.
The stripped film is mounted for analysis in the usual way in the 
spectrometer. Depth profiling was carried out using a V. G. AG2 ion gun 
operating at 3 kV semi-focussed (residual argon pressure 10”8 t) . These
-128-
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Figure 5.5 (a) General view of oxide stripping r i g
(b) Demountable reaction vessel.
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conditions were chosen to give a uniform etch over the analysis area 
with a miniummi of etch damage. Calibration on a stainless steel 
oxide, using interference colours, indicates an etch rate of 15 A min"" . 
The experiment is shown schematically in Figure 5.6.
POLYMER COATING 
'  -O XIDE
-ST E E L SUBSTRATE 
COATED S T E E L
OXIDE 
POLYMER 
A FTER  OXIDE STRIPPING
Figure 5.6. Schematic of the oxide stripping experiment
Scanning electron microscopy of the underside of the stripped films, 
Figure 5.7, shows the oxide in position, without disruption on both 
emery abraded and alkali cleaned duplex films. Thus the oxide did not 
fracture or spall from the polymer on removal from the stripping rig. The 
oxide, identified by XPS, even shows a replica of the original metal surface, 
down to small intrusions and extrusion present on the alkali cleaned 
specimen. The debris, apparent on both micrographs is presumably residue 
from the dissolution of the metal lie material in iodine, XPS examination 
of such material showed it to be ferric iodide.
3KevAr
1 1 1  u  i
-  1 30
Fig. 5.7. Scanning electron micrographs of oxide surfaces after 
stripping (a) alkali cleaned, (b) emery abraded.
Depth profiles of a stripped film from panels coated after various 
pre-treatments are presented in Figure 5.8. The 34 ym polybutadiene 
coating was achieved by coating and stoving in the normal way (to give 
17 ym) and then re-coating and re-stoving to give a double thickness.
This procedure was used for all panels utilised in corrosion-induced 
delamination experiments to obviate coating defects brought about by 
dust particles and other foreign bodies. Three substrate treatments 
were investigated, emery abrasion and alkali cleaning, the standard 
methods for this study and 1 um diamond polishing to give improved 
interface definition.
Times of up to 120 minutes of ion bombardment were employed on 
the stripped oxide films and the iron peak remained ferric until the 
interface was reached. Thus argon ion reduction of the iron species did 
not occur contrary to many observations of the behaviour of oxide 
films on iron.
The similarity of the first three profiles in Figure 5.8. can be 
clearly seen. Initially the carbon falls and the oxygen and .iron signals 
rise, this is due to the removal of adventitious carbon on the oxide 
surface, there then follows a region in which the respective signals remain 
approximately constant, the relative amounts of iron and oxygen then start 
to fall as the carbon rises. The interpretation of these general trends 
is as follows; once the carbon contaminant layer has been removed, the 
constant composition region is due to depth profiling of the oxide, the 
gradual rise in carbon is due to the interface being approached locally, 
as more polymer is exposed so the carbon level increases.
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Thus the use of the compositional depth profile, as described 
above is limited, at best it can be used to estimate the oxide thickness 
after stoving. Because of the roughness of the interface a sharp step 
profile was not observed in the etch profile, but a general increase 
in the carbon level was taken as indication that the polymer had been 
reached in certain regions, (after an etch time of 20-25 minutes in 
Figure 5.8(a)). The oxygen level remained fairly constant throughout 
the film and only started to fall as the interface was approached, i.e. 
as the carbon level rose, there was a slight broadening on the higher 
binding energy side of the Ols peak. This could be correlated with 
a broadening of the iron 2p3/2 peak due to the presence of a small amount 
of iron in the ferrous state. As stated above it is unlikely that this 
is due to ion beam reduction, various etch times have been used and the 
ferrous component always becomes apparent at the same point in the depth 
profile, i.e. as the interface is approached. To illustrate this point 
further table 5.1 presents, for the four depth profiles of Figure 5.8, 
the time at which the iron (II) component can be first identified.
Depth
Profile
Surface
Preparation
. Coating 
Thickness 
(ym)
Time at 
200°C 
(mins)
Time to onset of Fe 
in spectrum.
(mins)
Fig 5.8(a) Alkali clean 17 2 0 2 0
Fig 5.8(b) Alkali clean 34 40 50
Fig 5.8(c) Emery abrasion 34 40 30
Fig 5.8(d) Diamond polish 17 2 0 2
2+Table 5.1 AIB time to appearance of Fe in XPS spectrum for various 
combinations of surface preparation and stoving time.
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This interval is not dependant on the ion etch time but varies markedly 
with the mode of surface preparation and whether the panel has been 
stoved once (for a 17 ym coating) or twice (34ym coating).
The presence of the chemical change in the oxide indicates a 
modification of the oxide/polymer interface on stoving, thus the description 
of a planar interface is no longer valid, the interfacial zone is three 
dimensional and more correctly described as an interphase. Iron 2p3/2 
spectra from the oxide and interphase are shown in Figure 5.9(a), by 
subtracting the oxide peak from that of the interphase the iron (II) 
component is apparent as the difference spectrum at a peak position 
comensurate with ferrous iron (Figure 5.9(b)). The broadening present 
on some Cls peaks of the panels before coating is not evident, this 
is due to the poor interfacial definition achieved; the greater methyl 
component preventing resolution of the relatively small amount of 
carbonyl component present.
To improve interface definition a lym diamond polished steel panel 
was coated with polybutadiene and analysed by the oxide stripping/AIB/XPS 
procedure. The depth-profile is shown in Figure 5.8(d), and bears no 
resemblance to the profile obtained from alkali cleaned and emery abraded 
panels. The iron (II) component observed in the other depth profiles 
can be clearly seen on this specimen. After two minutes etch time the 
ferrous peak is the major component, after five minutes the ferric 
component is merely seen as a broadening on the higher binding energy 
side of the iron (II) peak (Figure 5.10).
-134a-
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3Fig. 5.9. (a) Fe2p /2 region of oxide and interphase showing
24-
broadening due to Fe (b) difference suectrum of (a).
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Figure 5.10. Fe2p3/2 spectra of Figure 38(d) after etch times of
(a) 2 minutes and (b) 5 minutes.
The shape of the Fe2p3/2 peak remains constant throughout the 
remainder of the etch profile. It is surprisng that the carbon 
levels are so high for this sequence. One possibility is that portions 
of the oxide had broken away from the supporting polymer substrate, 
alternatively the carbon may be due to outassing of the polymer in the 
spectrometer. Bearing in mind that all specimens were analysed under 
similar conditions, and that the oxygen and iron levels are considerably 
lower than for the other three specimens (- 10% c.f. 25-30% for (a), (b) 
and (c)), it seems probable that the oxide film was discontinuous and 
areas of polymer were exposed.
The depth profiles provide a means of estimating the oxide 
thickness after stoving. It can be seen that the 17 \m coating on the 
alkali cleaned panel and the 34 ym coating on emery abraded steel have 
approximately the same thicknesses of oxide (- 300 8 ), in spite of the
-136-
additional heat treatment the emeried specimen had received. The 
alkali cleaned panel when double stoved yields an oxide thickness 
of 600-750 8 .
5.2.5 Direct examination of interphase chemistry
Polybutadiene cures by an oxidative mechanism and by curing 
in an inert environment it is possible to inhibit the crosslinking 
which is promoted by oxygen from the atmosphere. Chemical modification 
of the oxide surface at its interface with the polymer should however 
continue to occur in the absence of atmospheric oxygen. The developed 
interphase zone can then be exposed by removing the uncured polymer 
with a suitable solvent such as deaerated carbon tetrachloride. XPS 
analysis can be carried out directly on the modified surface oxide.
Initial experiments were carried out on mild steel coupons heated 
at 200°C in flowing oxygen free nitrogen for two hours. Removal of 
uncured polymer by so vent' washing and subsequent surface analysis showed 
the presence of ferrous iron at the surface. It was realised however 
that a similar modification could arise by heating steel in nitrogen 
in the absence of polymer from a solid state reaction between iron and 
its oxide. To distinguish this possibility from the alternative, the 
reduction of oxide by polymer, a rather more rigorous investigation 
was undertaken using solid ferric oxide (haematite, a F e ^ )  as the 
substrate material.
The oxide specimens were produced by heating pure iron (Specpure, 
ex Johnson Matthey Chemical Ltd) in air at 850-900°C for several 
days, coupons were then ground to a 1 2 0 0  grit finish on silicon carbide 
papers. Specimens were treated with polybutadiene and heated in nitrogen 
as described above. Reference spectra were also obtained from the "as 
polished" oxide, and the oxide following swabbing with the de-aerated 
solvent; both showed the iron 2p3/2 peak to be completely ferric, indicating
IN
I 
I
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e  = 1 6
0 =15'
0 = 30'
0 = 45'
Fe20 3
Figure 5.11 High resolution XPS spectrum of a standard together with
Fe2p3/2 region after stoving polybutadiene on the oxide in an 
inert atmosphere. Dotted line is the oxide standard, 9 is 
the photoelectron take-off angle.
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that, as expected, solvent washing had no effect on oxide chemistry.
When the oxide is heated with the polymer in place a ferrous 
component appears on the rather weak iron signal. To establish the 
location of the iron (II) bearing layer in relation to the bulk 
(iron (III)) oxide, photoelectron spectra were recorded at take-off 
angles from 10° to 45° as shown in Figure 5.11 together with the bulk 
oxide as a standard. To better exemplify the presence of ferrous 
iron, (identified by a broadening on the lower binding energy side of 
the peaks and a satellite component at approximately 714 eV), an ’S' 
shaped background was subtracted from each of the peaks, as shown in 
Figure 5.12 for the Fe2 0 3 standard.
Figure 5.12. Fe2p3/2 spectrum for cd^Og (a) before backround subtraction
and (b) after subtraction of the ’S ’ shaped background.
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Figure 5.13 shows the set of spectra of Figure 5.11 after subtraction, 
of such a background, and when compared with the oxide standard of 
Figure 5.12, the ferrous components identified from the raw spectra of
24-
Figure 5.11 becomes clearer. In particular the Fe satellite (714 eV) 
increases as the photoelectron'take-off angle is decreased (i.e. as the 
analysis becomes more surface specific). By subtracting the spectrum 
of the oxide standard from those of the oxide cured in contact with 
polybutadiene it is possible to remove the ferric contribution and visually 
assess the magnitude of ferrous iron component present.
Figure 5.14 shows such a subtraction for spectra acquired at 0 = 15° 
and 0 = 30°.
T
0 = 3 0 -  Fe^ s tandard  fe* +
+ i‘+*+
4
4 .
0 = 15 °-Fe1+s ta n d a rd  * * * V  ■ ** *
+ C “ft"
.j- •* t t
F e ^ *  F e 1+ F e ^ *s a t.
G98 7 0 0  7 0 2  7 0 1  7 0 S  7 0 8  7 1 0  7 1 2  7 1 1  7 I G  7 ’ S 7 2 0
Binding Energy
Figure 5.14. Difference spectra for 0 = 15° and 9 = 30° of Figure 5.13
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The divalent iron components have clearly increased on changing the take­
off angle from 30° to 15°.
2 +This work shows that the Fe component is enhanced at low take-off 
angles, indicating it to be overlaying the bulk oxide as expected from an 
oxide modification due to polymer interaction. As mentioned above the 
iron signal on the washed surface was weak and the organic carbon signal 
correspondingly large. ! Unlike the behaviour of an unstoved reference 
sample, the polymer is not washed away but has apparently been cured by 
contact with the ferric oxide which in the process is itself reduced. This 
work, together with the depth profiling studies of the stripped films 
discussed in section 5.2.4 both support the presence of an interphase zone 
characterised by the presence of Fe(II), produced by the reduction of 
the iron oxide by the polymer as described above. As the polymer is 
chemically bonded to the oxide surface, any potential weak boundary 
layers present on the as-prepared surface are destroyed during stoving; 
this is evidenced by the lap shear test results where similar failure loads 
are recorded for the coating applied to emery abraded and alkali cleaned 
substrates.
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5.3 Cathodic Disbondment of Polybutadiene
5.3.1 Exploratory experiments
Before commencing a detailed investigation of the corrosion 
induced delamination of this system some exploratory experiments were 
carried out using simple strip specimens. Strips of the coated panels 
a 1 0  mu wide with one end exposed (the remaining edges sealed with 
lacomite stopping-off laquer) were immersed in sodium chloride solution 
to a depth of - 40 nm, in either the rest potential or cathodically 
polarised condition. After the appropriate exposure time the coating was 
peeled from the substrate with self-adhesive tape.
The appearance of the strip specimen cathodically protected and 
immersed in saline solution for 24 hours is shown in Figure 5.15. It can 
be seen that stopping-off laquer was not very effective; the coating 
can be peeled back to reveal the matt grey steel substrate adjacent to 
the adhering polymer. Near the edge of the specimen the substrate appears 
shiny and much lighter. The underside of the polymer shows complementary 
changes : a grey region corresponding to the shiny substrate surface while 
the polymer from the grey metal region is the characteristic golden colour 
of the cross-linked polymer.
1 cm
Figure 5.15. Cathodically polarised strip specimen showing Type I and 
Type II failure.
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These observations point to a complex failure mode and to simplify future 
references to these regions the failure showing the dark grey surface 
adjacent to the adhering polymer will be referred to as Type I failure 
whilst .the shiny region near the specimen edge will be designated Type II, 
Figure 5.15.
In the case of the strip specimen immersed at rest potential 
considerable rusting at the edges is seen. Coating removal is effected 
using self-adhesive tape and the predominantly shiny appearance (Type II 
failure) of the cathodically polarised specimen is replaced by the Type I 
failure surface. XPS examination of the failure surfaces of both coating 
and substrate are given in Table 5.2.
Atomic %
C 0 Fe Na Cl
: Metal 62.6 28.3 1.2 5.8 2.0
Polymer 70.8 20.5 0 6 . 8  1.9
Table 5.2. XPS analysis of strip specimen immersed in saline solution 
following coating removal after Type I failure.
The high level of carbon on the substrate surface and the corresponding 
low level of iron points to cohesive failure of the weakened polymer close 
to the metal surface. The phenomenon of cathodic disbondment m s  then 
investigated further as described in the next section.
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The disbondment experiments were carried out according to British 
9
Gas Specification CW6 . Although this manner of testing is usually
reserved for heavy duty coatings it was employed here for consistency
of experimental technique, as the next stage of the work consisted of
disbondment studies of such a heavy duty coating. The experimental set
up is shown schematically in Figure 5.16, a seal was made between the
coated panel and glass electrolyte ring using silicone grease. A central
initiating defect was made using a twist drill, the area of the defect
2
was approximately lOnm .
All panels were alkali cleaned prior to coating. The electrolyte 
employed was a 0.52M analar sodium chloride solution.
5.3.2 Experimental
Figure 5.16 Schematic diagram of cathodic disbondment test.
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Tests were carried on cathodically protected panels (-1500 mV vs SCE) 
and panels at the FCP,.for 10 and 15 days. For the cathodically polarised 
panel exposed to saline solution for ten days a disbondment zone could be 
visually identified by blistering and had approached the electrolyte ring 
locally; the polymer could be lifted using a scalpel. This was Type II 
failure. The area between the disbondment front and the electrolyte ring 
was weakly adhering and could be removed using self-adhesive tape; this 
was Type I failure. In the case of the 15 day specimen the complete area 
enclosed by the electrolyte ring failed by Type II disbondment. For the 
panel at rest potential exposed for 1 0  days there was evidence of rusting 
at the defect and the disbondment front had. advanced - 1 mm. The area 
of intact polymer again could be removed with self-adhesive tape. Specimens 
were cut from the test panels, and the polymer film, for XPS analysis and 
the results of the analyses and specimen identification information are 
presented in Table 5.3. Figure 5.17 shows representative survey spectra 
illustrating the dramatic difference in carbon and iron levels within and 
outside the Type II disbondment zone of the 10 day cathodically polarised 
specimen. Examination of the surface composition for the substrate surfaces 
shows a clear difference between those removed from a disbonded region 
which show a high level of oxygen and iron and a low level of carbon 
(Figure 5.14 (a)), whilst those from which the polymer has been peeled 
show a much higher level of carbon attenuating the oxygen and iron components 
(Figure 5.14(B)). This high level of carbon is characteristic of the 
TYpe I failure described in Table 5.2.
5.3.3 Results
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Figure 5.17. XPS survey spectra of substrate surfaces of a) Type II 
failure (D4M2), b) Type I failure (D5M2).
High resolution iron and oxygen spectra are shown in Figure 5.18 
for selected specimens. The 01s spectrum for a Type 1 failure (Figure 
5.18(b)) is broader than that observed from the Type II region; this can 
be attributed to the presence of molecular water, which accounts for some 
15% of the total oxygen signal. Since the film was removed after dehydration 
in a vacuum dessicator, the presence of water beneath the polymer indicates 
permeation of water through the coating.
I 
IfO
-147-
Figure 5.18. High resolution XPS spectra of a) D4M1 (01s), b) D4M3 (01s) 
c) D4M1 (Fe2p3/2), d) D4M2 (Fe2p3/2).
The levels of iron on both specimens taken from within the disbonded 
zone of the 10 day specimen are similar but inspection of the Fe2p3/2 
spectra shows the presence of metallic iron close to the disbondment front 
(Figure 5.18(d)), indicating some reduction of the oxide under the coating 
during cathodic treatment. Although reduction appears at the disbondment 
front, it is not apparent near the defect; that is, the area which was 
first disbonded, indicating oxide growth has occurred as the disbondment 
front moves outwards.
More important, possibly, than the question of oxide reduction is 
the fact that carbon levels within the disbonded region (Type II failure) 
are remarkably low. Clearly cathodic disbondment causes a total separation 
of the organic phase. The loss of organic molecules is not seen on uncoated 
cathodically protected mild steel and on a clean steel surface the level of
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carbonaceous material actually increases during exposure. The results 
shown in Table 5.4 were obtained from coupons of the steel prepared by 
energy abrasion or alkali cleaning, and imnersed in 0.52M NaCl at -1500 mV 
(vs SCE) for 30 hours. These specimens were then analysed by XPS together 
with the untreated standards with the following results.
ATOMIC %
Pretreatment Cathodic Protection C 0 Fe Na Cl
Emery No 31.1 53.1 15.8 0 0
Emery Yes 51.3 39.6 8.4 0.05 0 . 6
Alkali clean No 63.5 34.2 2 . 1 0 0
Alkali clean Yes 59.6 36.2 3.8 0.03 0.4
Table 5.4. Contamination levels on mild steel before and after cathodic 
protection.
The increased level of carbon after cathodic treatment of the emery 
abraded specimen is analogous to the slightly higher levels of carbon 
observed on the substrate surface after the 15 day test. It seems likely, 
therefore, that after delamination the freshly exposed, clean surface, 
adsorbs carbonaceous contaminants from the test solution.
The underside of the polymer shows a small amount of iron, identified 
visually by a darkening of the polymer (Figure 5.15). The surface analysis 
from the polymer surfaces of the Type II failure (D30P1 and D30P2 of Table
5.3) are quantitatively very similar to the metal surfaces taken from the 
TYpe I failure zones (D4M3, D5M1, D5M2 of Table 5.3); and this provides an 
important pointer to the location of .the interphase zone following delamination.
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The sodium level is high both inside and outside the disbonded 
zone indicating that cathodic conditions prevail for both types of 
failure.
5.3.4. Film stripping
To gain an insight into the initial stages of cathodic disbondment 
an alkali cleaned, coated panel was polarised cathodically for three 
hours, the disbondment front was estimated as | mm advanced. The area 
around the defect was stripped using the iodine/methanol technique, and 
the duplex film examined from the oxide side by scanning electron 
microscopy. A halo around the defect is apparent at low magnification 
(Figure 5.10 (a) and (b)). At higher magnification elliptical regions 
are seerv Figure 5.10(c), these are due to areas of localised oxide 
reduction distributed randomly within the disbondment zone.
The fact that the oxide is only reduced in localised patches indicates 
that oxide reduction is not a necessary pre-cursor for cathodic disbondment 
to occur, but may occur after disbondment has taken place as a result of 
a high pH generated at the edge of the disbondment crevice. The XPS results 
(section 5.3.3) indicate a thickening of theoxide once disbondment has been 
accomplished.
Cathodic treatment liberates hydrogen but there is no evidence of 
hydrogen having been present at the polymer/oxide interface.
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Fig 5.19 Scanning electron micrographs of a stripped 
oxide/polymer film showing disbondment halo and 
elliptical regions of reduced oxide
-151-
The infrared spectroscopy results clearly indicate that polybutadiene 
cures by an oxidative mechanism; the most notable chemical changes 
which are brought about by stoving are the formation of a hydroxyl component 
and the development of the carbonyl group. These are probably attributable 
to ester formation. Many other chemical species have been proposed by 
other workers but conclusive evidence was not obtained in this work.
The cohesive failure of the polybutadiene steel couple by shear loading 
indicates a well made joint, that is, one in which there is no barrier 
to adherend/adherate interaction which may act as a path of least resistance 
for failure. The cohesive failure of such an interface can be predicted 
from surface free energy concepts as described in Chapter 2, however such 
calculations are only pertinent to systems where adhesion is attributed 
to dispersion or Van de Waals forces. In the case of polybutadiene on 
steel it is apparent that the highly stable nature of the interphase region 
is due to direct chemical bonding between the two materials.
Using XPS it has been shown that this interphase region is recognised
by the appearance of divalent iron in the spectrum, (seen both as a
broadening on the low binding energy side of the peak and a "filling-in"
2+on the high binding energy side due to the Fe satellite, as observed
196on studies of oxide standards ). This has been observed both when the 
interphase is approached through the oxide, and when it is observed 
directly after incomplete crosslinking of the polymer. The inability to 
remove all the polymer after the latter experiment lends further credance 
to the notion of an interphase zone formed by the reaction between the two 
components.
5.4 Discussion
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Studies by infra-red spectroscopy have shown that crosslinking of 
polybutadiene resins occurs by an oxidative mechanism. This process 
will lead to the reduction of the trivalent iron at the substrate/coating 
interface and bring about the formation of a well defined chemical 
boundary layer, analogous to that encountered with silane adhesion 
promoters, employed in some coatings applications. Although it has not 
been possible to completely define the chemistry of this interphase 
compound, the most characteristic feature is the presence of ferrous iron. 
It is envisaged that in its simplest form the interphase will consist 
of an aliphatic iron salt such as an iron carboxylate (FeCOOR).
The situation that exists on coated steel panels, and the locus 
of failure when mechanical delamination is brought about is illustrated 
in Figure 5.20.
POLYBUTADIENE COATING
MFOHAN1CAL DELAM1 NATION
Figure 5.20. Bonding of polybutadiene to mild steel, and the failure mode.
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Although when polybutadiene is mechanically delaminated from a steel 
surface the failure is clearly cohesive with a considerable overlayer of 
polymer remaining on the steel surface, the situation is rather more 
complex \dien failure is brought about by cathodic polarisation. In this 
case two types of failure are observed which can be identified both visually 
and spectroscopically.
In the zone nearest to the exposed metal on the cathodically polarised 
panels the failure is described as Type II. Here there is complete 
segregation between the organic material and the metal oxide surface.
The polymer surface from this disbondment zone shows a small amount of 
iron and it is concluded that the interphase zone remains attached to the 
polymer film. This conclusion is reinforced by the finding that the 
surface composition of the polymer specimen from the Type II failure region 
is quantitatively very similar to analyses obtained from the substrate 
surfaces of the Type I failure, both showing the low levels of iron which are 
associated with the interphase material. The absence of iron on the 
polymer surface of the Type I failure (Table 5.2) indicates the 
interphase zone remains adhering to the substrate while the near interphase 
polymer is attacked and weakened sufficiently to render peeling back of 
the coating a simple matter. Thus the interphase zone appears to segregate 
either to the polymer surface (Type II) or to the metal substrate (Type I) 
depending on the mechanism of failure.
Both types of failure are associated with the underfilm alkalinity 
confirmed by the excess of sodium ions over its anion since in the exposure 
of unpolarised, oxidised steel to sodium chloride solution it is usual to 
record an excess of chloride ions.15^
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The clean metal surface characteristic of the Type II failure is
the result of the attack of the interphase region adjacent to the metal
oxide. The pH reached at the edge of the disbondment zone is certainly
high enough for hydrolysis of the FeCOOR salt proposed. The pH at the
edge of the disbondment crevice may be even higher since the reduction of
iron oxide occurs in this vicinity. Thermodynamic considerations predict
224oxide reduction at a pH greater than about 13.5 and values of this
101 102order have been recorded using underfilm pH probes on model systems *
Away from the disbondment front the pH is probably lower since oxide film 
thickening takes place in this region, as illustrated by the lack of 
metallic iron in the spectrum from the near defect surface of the ten day 
exposure panel, and both specimens of the fifteen day test panel. The 
sodium ion concentration is then similar to that found in Type I failure 
and it seems likely that this failure mode occurs at a lower pH value 
than does Type II.
The two zones of alkalinity associated with Type I and Type II failure
may, in fact, result from different diffusion paths for the sodium ion.
Type I failure occuring as a result of downward diffusion of the cation via
57conducting pathways in the film, (as described by Leidheiser and Kendig ) 
reaching the interphase zone but not penetrating it, thus the near interphase 
polymer is weakened by a build up of sodium and hydroxyl irons at this 
point. For the Type II failure lateral diffusion of the ions can take place 
from the initiating defect and are able to attack the interphase zone 
directly leading to failure at the oxide/interphase region, the resulting 
metal surface being very clean and relatively free of organics, the 
interphase zone segregating with the polymer.
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For the specimens at rest potential considerable rusting is seen at 
the exposed metal; this region being anodic to the coated metal surface.
As the Type II disbondment proceeds, (which it does only slowly; approx 
lmm in 1 0  days), the area of the anode is increased and rusting becomes 
evident under the film. This aspect of cathodic disbondment has been 
illustrated by other investigators visually, and using electrical 
measurements37.
It is relevant at this point to compare the results of this investigation 
with that of other workers who have studied the same resin/substrate 
system. By far the most extensive investigations have been carried out 
by Leidheiser and co-workers. Initially they were concerned with 
permeation of the coating by water and ionic species, and using an impedance 
technique developed a comprehensive model of coatings failure in terms of 
the development of surface anodic (rusting) and cathodic (blistering)
C & C7
sites * . They propose attack of the polymer due to high pH levels at
the cathodic sites, and we have been able to show directly that the alkalinity 
at the interface makes an important contribution to the durability and mode 
of failure of the coating/substrate bond. The question of bond disruption
225 226
has been more recently investigated for cathodically polarised systems *
and the authors tentatively propose failure at the coating/substrate
interface : the Type II failure reported in the present study. Recent work
using emission Mossbauer spectroscopy to study polybutadiene on cobalt
has shown that a similar interphase is formed. A significant amount of
o 227interfacial Co (III) being converted to Co (II) on stoving at 200 C in air
XPS has been employed by other workers to define the locus of failure
42of cathodically polarised polubutadiene on steel . These authors showed 
evidence of a cohesive failure of the coating, close to, but not at, the metal 
oxide surface, once again an excess of alkali cations in the surface assay
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indicate that underfilm cathodic conditions prevail. This is the 
failure mode designated Type I in the present work.
5.5 Conclusions
When polybutadiene bonds to mild steel it does so by the formation of 
a discrete chemical interphase region identified by the presence of divalent 
iron in the XPS spectrum. The formation of this zone is associated with the 
role of polybutadiene as a reducing agent for iron oxide.
If fracture of the polybutadiene/steel system is brought about by 
mechanical loading the failure is cohesive a considerable overlayer 
(in surface analysis terms) of polymer remaining on the metal surface.
Potential WBLs are ineffective since the different surface chemistries 
of the as-prepared substrates are dominated by the chemical bonding which 
takes place on stoving, identified as the formation of a discrete interphase 
zone.
When the coated steel is exposed to saline solution the rate of 
delamination is slow the exposed metal is anodic to the coated substrate. 
Notwithstanding this the adhering polymer is severely weakened by the 
underfilm alkalinity and can be peeled back leaving a residue of polymer 
on the substrate surface. This is Type I failure, the near interphase 
polymer is attacked but on peeling back. the polymer the interphase zone 
remains adhering to the metal oxide.
In the case of cathodically polarised panels a two stage failure 
process is observed. Delamination is rapid and can be visually identified 
by blister formation. Outside this region the near interphase polymer is 
weakened as described above. Within the disbondment zone Type II failure is 
observed in which the interphase zone itself is attacked. The exposed metal 
surface is very clean, metallic iron is-present in the spectrum due to oxide 
reduction and the interphase zone segregates with the polymer coating.
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Oxide reduction takes place at the advancing edge of the disbondment 
crevice, but the random nature of this process makes it unlikely to be an 
important factor when considering cathodic disbondment of this system.
As the disbondment front advances so oxide thickening takes place.
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6 . Epoxy: A Coating Produced by Powder Spraying a Pre-heated Substrate
6.1 Introduction
Powders probably represent one of the fastest growing sectors of 
the surface coatings industry, both in Europe and the world, epoxy
powders accounting for a large proportion of the total amount consumed.
22 >
It was estimated in 1975 °that epoxy powders accounted for some 90% 
of consumption of all powders based on thermosets, in the last six 
years it is likely that this figure has increased.
The technology of powder coatings has been established for over
thirty years, early practice was to use thermoplastic materials such as
PVC, nylon and polythylene, but the last ten years has seen a large increase
in the consumption of powders generally and epoxy powders in particular.
The uses of epoxy powder coatings are many and varied, a breakdown of U.S.A.
229
consumption ten years ago showed that some 50% were employed in 
pipeline coating. The other 50% were divided between decorative uses (20%), 
electrical (2 0 %) and can coating applications (1 0 %).
The past twenty years has seen the epoxy powder coating industry
grow from early development (1960-64) into an established industrial
technique, (early 1970fs), and its subsequent expansion to encompass many
industrial coatings applications. The development of epoxy powder coatings
230 231over the past two decades has been comprehensively reviewed by Giandler ’ .
These reviews cover research and development work, and patent literature.
A thorough overview of the science and technology of powder coatings is
232
presented by Harris , who covers plant and equipment requirements, as 
well as the chemistry and manufacture of the more popular coating materials 
in detail.
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As already described the work presented in this thesis closely 
follows the method and philosophy adopted by the British Gas Corporation 
in the application of epoxy powder coatings for gas transmission line 
pipe. The powder employed was Scotchkote 206 N manufactured by the 
3M Company, St Paul, Minnesota, U.S.A. Although the manufacturers are 
understandably reluctant to provide exact details about the chemistry 
of this material, it is described as an epichlorohydrin bisphenol A 
type of epoxy resin with a molecular weight greater than 1700. Cure is 
affected by the use of an amine type curing system; pigments, fillers and 
flow control agents are also present in the formulation.
Application of powder coatings is usually achieved by electrostatic 
spray or fluidised bed, the former method being employed for structures of 
sufficiently high thermal mass (e.g. line pipe and fittings), whilst 
fluidised bed techniques are normally used for thin sheet, tube and similar 
items. In this work a compressed air spray method (flock gun) was used.
As tire experiments were carried out on 16 SWG sheet steel to enable routine 
preparation of specimens for XPS analysis, a method was devised to allow 
powder spraying of panels with low heat retention properties.
In an effort to gain further information regarding the chemical nature 
of the polymer ATR-IR and XPS analyses were carried out on portions of the 
cured film. These results are presented together with a general discussion 
of epoxide chemistry and curing-agents.
The locus of failure of lap shear test specimens was determined in the 
manner previously described for polybutadiene (section 5.2.3). Problems 
were encountered in finding a suitable adhesive for the epoxy coating 
and the eventual solution was to apply the powder coating to one part of 
the test piece in the usual way and cure with the secondary panel in position.
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Three different types of test piece were employed.
6.2 Specimen Preparation
Free films for ATR-IR and XPS studies were obtained by spraying
a 12" x 2" x 5 " plate of mild steel with a suitable PTFE based mould 
233
release compound and then coating with epoxy powder using the schedule 
outlined in Table 6.1.
1. Preheat panel in air oven at 240°C for 30 minutes.
2. Spray with flock gun to cured film thickness of approximately
0.015” (375ym) ^  .
3. Cure at 240°C for 3 minutes.
4. Quench in water.
234
(a) As measured by magnetic thickness gauge
Table 6.1 Powder Coating Schedule
Following water quenching the epoxy film could easily be peeled free 
of the substrate, and cut into suitably sized coupons for subsequent 
analyses. Outer surfaces of the film were studied to prevent spurious 
results due to contamination by themould release agent, surfaces were 
scraped with a scalpel (under argon in the case of XPS), to remove any surface 
oxidation products and so obtain a sample representative of the bulk.
To obtain coated 16 SWG steel panels for the cathodic delamination 
experiments a jig was constructed to enable the panels to be transferred 
from the oven to the spray booth without excessive cooling. The jig consists 
of a 4 " steel plate, the panels (two can be accommodated at a time) are 
clamped in place by rebated stainless steel rails secured to the back plate 
with stainless steel 2BA machine screws. The jig is pictured in Figure 6.1 
along with two coated panels.
-161-
Figure 6.1 Jig for powder coating 16 SWG steel panels
Panels were clamped in the jig, and pre-heated, coated and cured 
according to the schedule in Table 6.1. Following water quenching the 
retaining rails are released and the coated panels removed.
The lap shear test specimens were produced by heating a 
3" x 3" x 16 SVG grit-blasted panel in an air oven in the normal way, and 
spraying the area of the lap with powder. On returning to the oven the 
secondary panel was placed in position and the epoxy resin cured as usual.
The panel was then cut into 10mm wide lap shear test pieces using a handsaw, 
testing was carried out using a Houndsfield Tensometer. Three types of 
joints were tested: (i) 30mm x 10mm lap, both panels preheated at 240°C
for 30 minutes prior to curing,(ii) as (i) but using a 10mm lap. (iii)
1 0 mm x 1 0 mm lap, base panel only preheated.
Once again it should be emphasised that the object of such tests was not 
to obtain quantitative information regarding the polymer-to-metal bond strength,
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but only to qualitatively define the locus and type of failure with the 
test geometry employed.
6.3 Epoxy Chemistry
Before describing the results of infrared and X-Ray photoelectron 
spectroscopy it is proposed to review the chemistry of epoxy resin 
manufacture and subsequent cure. This subject will only be covered very
briefly as it is available from standard texts as well as the more
235specialised texts on polymer chemistry e.g. ' .
Epoxy resins are basically polyethers, but retain their name on the
Abasis of the presence of epoxide groups, - CH} in one of the starting
materials (epechlorohydrin), and in the polymer prior to cross-linking.
The type of polymer under consideration in this work is an 
epichlorohydrin bisphenol A type of epoxy resin with a molecular weight 
greater than 1700. By condensing an excess of epichlorohydrin with 
bisphenol A (bis (4 hydroxphenyl) dime thy lme thane), epoxy groups are left 
on each end of a low molecular weight polymer.
CH
OH
)'OCHiCHCHJ
O
OCHjHC-CH
CH CH
The molecular weight of the polymer produced in this manner will be in 
the range 900-3000, and, depending on this value the polymer may be a 
viscous liquid or a brittle solid.
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The ether linkages { 0 } of the resin confers the excellent chemical 
resistance, whilst the poor resistance to chalking, and poor light and 
heat stability is due to the high aromatic content. The good adhesion 
achieved with epoxies, whether used as an adhesive or a surface coating is 
due to the small, highly polar epoxy and hydroxyl groups present in the cured 
resin.
Crosslinking of epoxy resins, through the hydroxyl or epoxy groups
236
can be achieved by a variety of curing agents , and of the amine types 
primary, secondary, and tertiary can all be employed. The manner in which 
curing will occur is ' shown for all three amines in Figure 6.2.
The reaction between a primary amine and an epoxy resin (Figure 6.2(a)) 
is due to interaction of each hydrogen attached to the nitrogen atom with 
the epoxy ring; thus the primary amine is converted to a secondary amine, 
the second reaction illustrated is between the secondary amine so formed 
and the epoxy.
When a secondary amine is used as the initial curing agent it is 
found that small amounts of hydroxyl containing material (water, 
isopropanol, phenol etc) will accelerate the reaction. It is thought that
the hydroxyl group assists the opening of the epoxide ring in the transition
232
state of hydrogen bonding to oxygen
Tertiary amines catalyse epoxy polymerisation if some hydroxyl 
containing molecules are present (as they invariably are). The reaction is
Q
believed to be somewhat ionic, the alkoxide RO formed attacks an epoxy 
group and produces another alkoxide which, in turn forms another link and 
produces more alkoxide (Figure 6.2(c)). The reaction is initially dependent 
on the porportion of hydroxyl present, when only a small amount of non­
hydroxyl containing tertiary amine is available.
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(a) primary amines
/°\ OH
RNH2 - H2C - C H - R ' -  RN-CH2-CHR'
H ; OH
i * i A
RN-CH2-CH-R' ♦ H2C - C H - R '
OH
CH2-CH-R'
RN ^
CH2-CH-R '
OH
(b) secondary amines
A
R 2NH + H2C-CH-R '
OH
R2N-CH2-CH-R'
(c) tertiary amines
0
f i x  ®  0
R 3N + H 2C — C H ^ R ' - *  R 3N ~ C H 2~ C H - R '
© ? 9 ? H 
R 3N - C H 2- C H - R 1 + R O H - *  R 3N - C H 2- C H - R i  - R ' O
0  o e
RO ♦ h 2c - c h - r  -> r o c h 2 - c h r
©
Fig 6.2. Curing of epoxy resins by amines
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Scotchkote 206N is manufactured by a hot-melt compounding nrocess 
developed by 3M. The ingredients are first comminuted in the 
required proportions and homogeneously mixed. The blended materials 
are then thoroughly mixed in the molten state using a melt-mixer.
The fused blend is cooled and pulverized into the final powder 
form. The manufacturers claim the fusion blend process ensures 
that each particle of the powder coating contains all active 
ingredients, thus eliminating any possibility of changes in 
reactivity due to separation or stratification of components 
during transportation or application. Particle size distribution 
is quoted by the manufacturers as 1% > 177 you, 45-60% < 44 ym, 
as determined by air sieving. In view of the relatively incomplete 
data concerning the particle size distribution further investigations 
seemed in order.
Particle size distribution can be determined by a variety of
methods^7 , usual methods include sieving and sedimentation
techniques as well as the use of specialised instruments of varying
levels of sophistication such as the Fischer sub-sieve sizer,
or the Coulter Counter. The.various methods available have been
232
described in detail by Harris . 'In this work a Malvern Laser 
Particle Sizer was used to obtain particle size distribution data 
of the Scotchkote powder.
In operation the Malvern relies on the deflection of laser 
light by a powder particle, the amplitude of the deflection being 
inversely proportional to the particle size, the actual intensity 
at the detector is converted to particle size by a microprocessor 
which also controls the instrument during operation. The means of
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producing a particle size analysis is an itterati-ve one, in that 
the microcomputer will compare the exnerimental results with a 
proposed model and if they are not in good agreement adjust the 
model until a good fit is obtained.
The results for the Scotchkote powder are presented in 
fig 6.3 and it can be seen that although the size distribution 
is in the region described by the manufacturers figures the 
distribution curve shows some unexpected features. The distribution 
reaches a maximum at a particle size of about 55 y m  but there are 
also subsidiary peaks in the curve at 27 ym and 10 ym indicating 
a largerproportion of particles in these size classes than would 
lx; expected from a normal distribution, whether this is due to 
the manufacturing process or settling during transportation is 
not clear.
p a r t ic le  s ize  (p m )
Fig. 6.3. Particle size distribution of Scotchkote 206N epoxy powder.
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Fig. 6.4. Infrared spectra of epoxy coating (a) before cure (IRS) (b) after 
cure (ATR-IR)
Spectroscopic studies of the cured 206N polymer were carried 
out by ATR-IR and XPS as previously described.
Hie infrared spectroscopy results are shown in fig 6.4, together 
with an infrared spectrum of the uncured n o ly m e r  supplied b y  the 
manufacturer. Hiis spectrum was obtained by dispersing the powder 
in nujol (liquid paraffin) and carrying out IRS in the transmission 
mode ♦
Comparison of the two spectra shows little in the way of 
qualitative differences, however certain differences in band intensities 
can be clearly seen. As the results were obtained in different 
modes of operation of different spectrophotometers, no attempt will 
be made to interpret them other than the assignment of the major 
absorbance peaks.
The major difference between the two spectra is the decrease 
in the absorbance bands associated with hydrocarbons on curing.
The absorbance at 2850 and 2925 cm 3 is due to the C-H stretch 
vibration of fCR/, whilst that at 1365 and 1390 cm 3 identify
the symetrical C-H bend vibration of
CH.
I 3
R - C - CH,
I ‘3 
CH3
It should be remembered, however, that the nujol used as a dispersant 
will have contributed to the absorption bands due to CH2 and CH^ 
groups.
The other bands, characteristic of epoxy resins, are due to 
hydroxy groups (3450 cm 1), aromatic ether (1250 cm”3), aliphatic 
ether (1040 cm ^), the terminal epoxy group is characteristed by 
a broad band centred at 915 cm 3. The benzene ring structure is 
identified by peaks at 1490 and 1600 cm , together with the 
confirmatory p-substituted benzene nucleus at 820 cm 3.
The results of the XPS analysis of the cured film, and of the
cured film after scraping the surface under argon are shown in
table 6 .2 . atomic %
C O N
as cured 79.3 20.0 0.7
after scraping 77.2 21.5 1.3
Table 6.2 Surface composition of epoxy
The level of nitrogen increased after the removal of surface layers, 
as did the oxygen signal. This is due to the removal of an 
attenuating carbonaceous contaminant layer. It is interesting to
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note that the level of nitrogen is much lower than results obtained
43by workers curing on automotive epoxy-amine coating , this provides 
a useful pointer to the type of curing agent employed.
Although the quantitative information provided by XPS does not 
show a great deal of difference between the surface and near surface 
composition , the high resolution spectra yield valuable qualitative 
information regarding the chemical composition of these two regions. 
Fig. 6.5 shows the Cls and 01s spectra of the epoxy polymer, (a) 
after crosslinking and (b) after crosslinking, following scraping.
Fig. 6.5. Cls (upper) and 01s (lower) spectra of (a) cured epoxy (dashed 
curves) and (b) after removal of surface layer (solid curves).
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The Cls spectrum after cure shows a major component at 285.0 eV
due to alkane carbon from the polymer and the inevitable carbon
contamination, there is also a small component at 288.5 eV due to
carbon doubly bonded to oxygen. On scraping, broadening of the
main Cls peak is seen, the component at ^288.5 eV is not evident
although it may be obscured by the loss peak. The Cls peak can
be deconvoluted as shown in fig 6 . 6  to yield singlets at 285.0 eV
due to alkane carbon, and 286.8 eV due to carbon bonded to oxygen
238attributed to epoxy or ether groups , this component accounting 
for some 33% of the total carbon signal.
Fig 6 . 6  Deconvolution of Cls peak of scraped polymer. Main component 
is due to alkane carbon, other is epoxy and ether groups.
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Tliis peak shape is thought to be characteristic of the
bulk material, similar results were obtained'by Gettings et al
85
for an epoxy adhesive . The two 01s peaks are similar, at a 
position of -533.2 eV, ascribed to carbonyl groups, ethers and epoxy 
groups, there is slight broadening on the high binding energy 
side before scraping. This is at the position characteristic 
of molecular water and may result from the water quenching stage 
of the cure schedule.
6,4 Mechanical Failure of the Epoxy Coating
The lap shear tests were carried out using a Houndsfield 
tensometer, one specimen being taken from each batch and the 
interface composition after failure determined by XPS. Tv.o sizes 
of lap vere prepared; the first set used a 30mm x 10mm lap while 
in the second the size was reduced to 1 0 mm x 10mm. This was because 
it was clear that the larger set had failed in a two stage manner, 
as shown in fig 6.7, In most cases the fracture path was close 
to the metal/polymer interface, sometimes the metal of the base 
panel and sometimes that of the secondaiy panel.
The surface analysis results of the larger test specimens 
are less easily interpreted than those of the pure shear failure 
described later, but some points are worthy of further discussion.
The distortion that occurred to the test piece on failure and the 
identification of XPS specimens is shown in fig 6.7 together with 
the results of the analyses, for the first stage of the failure 
analyses are also given for a glancing take off angle. In this 
test piece the secondary panel used in assembly is the one containing
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specimens LS2M or LS2P, thus the first stage of failure can be 
visually identified as being near the base panel/polymer interface.
I S -  v isua lly  identified po lym er
SURFACE ANALYSIS
spec. 0°
atom ic Vo
C 0 Fe N
LS1M 45 66,3 28,6 2,8 2,3
LS1M 15 68,5 27,1 2,2 2,2
LS2M 45 74,9 22,6 0,7 1,8
LS2M 15 78,2 20,5 0,3 1,0
LS1P 45 80,1 18,6 0 12
LS2P 45 76,9 21,7 0 14
Fig 6,7 Failure of 30mm x 10mm Lap Joint
Parts of the failed joint showed large coverages of polymer, indicated 
by shading in fig 6.7. Three specimens of this type were tested, 
failing at 5.4, 5.5, 5,6 KN.
Hie two stages of failure described in fig 6.7 are very different 
in nature; initially the joint fails close to the metal oxide/polymer 
interface (LS1M and LS2M), as the test proceeds the panels are 
deformed and after approximately half the lap has failed the fracture
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path passes into the bulk of the polymer. The loading configuration 
has now changed from the shear mode to a mixed mode type. Specimens 
LS1P and LS2P show no evidence of iron in the XPS spectrum and 
visual evidence alone would classify the failure as cohesive, 
both specimens being covered with a substantial thickness of the 
blue-green polymer. Quantitative surface analyses of these 
t w  specimens show close agreement with the values obtained from 
the bulk polymer after removal of surface contamination.
In the initial failure area, however, the situation is not 
so well defined. Visual inspection revealed snots of blue-green 
polymer on the "metal" surface (LS'LM), while the "polymer" surface 
(LS2M) showed small grey spots, presumably due to iron oxide. The 
carbon Is spectra for these surfaces are similar to each other and 
both show the characteristic epoxy shape. The ether component of 
the peaks being 35% and 40% respectively of the main alkane peak; 
the corresponding component of Cls peaks on the scraped polymer 
was 50%, Hie 0 1 s peaks show no similarities to each other. Hie 
spectrum from the "metal" surface shows two components, at 530.2 
and 532.8 eV (fig 6 .8 ) which are assigned to the substrate (oxide 
oxygen at 530,2 eV) and the coating (enoxy and ether oxygen at 
532.8) respectively. The 01s spectrum of the polymer surface, on 
the other hand, is similar to that of the untreated polymer, no 
oxide component can be resolved in spite of the presence of a 
small amount of iron in the analysis. It is likely that any oxide 
component of this peak is too small to be reliably distinguished 
from the oxvven of the nolymer.
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Fig 6 . 8  01s Peak of LS1M.
• • The results of stage 1 of the failure are in accord
8 5with the results of Gettings et al who propose that the locus 
of failure of an epoxy/steel joint is close to the interface 
but passes alternately through the polymer and the substrate.
From the combination of the results of Gettings and the present 
work it seems likely that the fracture path passes through the 
extreme peaks of the surface profile, small amounts of oxide 
remaining on the polymer surface, whilst the crevice and microfissures 
of the substrate remain filled with the epoxy.
The other sets of specimens utilised a lQmm x 10mm lap, 
one being cured with preheated secondary panel, and one with cold 
panels. The mean failure loads and results of XPS analysis are 
shown in table 6,3
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Spec Secondary panel 
pre-heat
Mean failure 
load ( 5 Specs) 
I<N
atomic %
C 0 N Fe
EIS6 P yes 3.9 69.4 29.1 1.5 0
ELS6M 70.3 26.7 1.9 1 . 0
ELS2P no 1 . 8 78.2 19.9 1 . 8 0
EIS2M 68.3 26.0 2.5 1.3*
/ secondary panel 
* ferric iron and metallic iron
Table 6.3 Failure of 10mm x 10mm Lap Shear Specimens
The beneficial effect of pre-heating the secondary panel can be clearly 
seen, surface analyses for the two sides of the failed joint 
prepared with a suitably conditioned secondary panel are quantitatively 
very similar. The Cls spectra of E1S6P and E1S6M are similar and
agree closely with those obtained for the bulk polymer. The presence
of a small amount of iron (1 %) on the "metal" surface can be 
explained in terms of metal asperities protruding through the polymer 
overlayer, the metal oxide is not, however, contributing a 
sufficiently strong oxygen signal to provide resolvable substrate 
and coating components to the Ols peak,
When a significant area of adhesive failure ensues this can 
be seen in the oxygen signal as well as in the presence of iron, for 
example the Ols spectrum from the "metal" surface of the cold plate 
specimen is very similar to that of fig 6 .8 , both substrate and 
coating components being resolvable. The Cls peak shows the expected 
epoxy asymetry whilst the level of nitrogen is higher than that seen 
on the bulk polymer, but comparable with the concentrations seen
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on the stage 1 failure of the 30mm x lQmm test pieces. As iron 
is present in both oxidised and metallic states the locus of 
failure is evidently, at least for some of the time, at the 
polymer/oxide interface. Metallic iron is evident in the XPS 
spectrum of uncoated grit-blasted steel, it therefore annears 
that the preheating procedure contributes most of the growth 
of oxide on the iron surface. Hie failure encountered on the 
cold plate specimens is mainly adhesive in nature, but with some 
polymer remaining on the metal surface, giving rise to the 0 1 s 
peak shape which, shows components due to both substrate and 
coating. The analysis of the ’'polymer" surface is in close 
agreement with that of the bulk coating.
In contrast the properly prepared joint, using the pre-heated 
secondary panel shows mainly cohesive failure, the locus of 
failure being in the coating.
6,5 Characterisation of the Substrate/Coating Interphase
Owing to the increased oxide thickness and surface roughness 
of the epoxy coated grit-blasted steel it was not considered feasible 
to apply the oxide stripping/depth profiling technique to obtain 
chemical state information at the interphase. Hie technique has,
however, proved very successful in the identification of contamination
239on coated line pipe , and one aspect of this work will be described 
here.
The depth profiles obtained from three epoxy/oxide films stripned 
from samples of line pipe with different histories are shown in fig 6.9.
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( b )
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(c)
^ E T C H  TIME (mins)
Fig. 6.9. Depth profiles of epoxy/oxide stripped films from (a) home produced 
pipe (b) imported pipe (c) imported pipe following I^O wash.
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A1though the general shape of the three curves is similar, 
some contamination in the form of sodium, magnesium and chlorine 
is seen in fig 6.9 (b) and (c), specimen (a) on the other hand 
shows no si£n of such contaminant. The history of the three pipes 
tallies well with these depth profiles; specimen (a) was taken 
from a home produced pipe which was shipped direct from the works 
to the coating mill, the coatings adhesion on this specimen was 
good. Specimen (b) was taken from an imported pine which had been 
stored at a coastal pipe dump prior to coating, coatings adhesion 
on this specimen was poor. Snecimen (c) was taken from a pipe 
from the same batch as (b) but immediately prior to coating it 
was subjected to a high pressure water wash, coatings adhesion on 
this specimen was described as fair. Both (b) and (c) showed some 
evidence of coating blistering, this was substantially worse,on
specimen (b).
The presence of sodium, magnesium and chlorine on pipe (b) 
is undoubtedly the result of exposure to a marine environment and 
probably accounts for the poor coatings adhesion and blistering. 
The water wash evidently removes some of the contamination (the 
magnesium level is now below the detection limit of XPS,* 0.1% 
leading to an improvement in adhesion, it is not, however, totally 
successful. The effect of such-contamination was not investigated 
further, but this example does illustrate the applicability of 
the oxide stripping technique to industrial problems.
To gain information concerning the interphase region of 
epoxy coated mild steel a 1 pm diamond polished steel panel was 
coated with 206 N epoxy powder, cured, and a duplex oxide/nolymer
-179-
film produced by oxide stripping as described in section
5.2,4.
Comparison of XPS survey spectra after (a) two, and (b) 
sixty minutes argon ion bombardment (fig 6 ,1 0 ) illustrates 
the dramatic decrease in iron and oxygen that has been achieved, 
only small regions of oxide remain after the longer etch time, 
the majority of the signal being due to the polymer.
Fig. 6.10 Wide scan survey snectra of an epoxy/oxide film after 
(a) two minutes, and (b) sixty minutes ion bombardment.
i *
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The high level of carbon initially is due to the outgassing 
of the polymer in the spectrometer.
3Fig. 6.11, Fe2p /2 spectra of an oxide/polymer film (a-d), and 
polished mild steel, heated in air at 240 C for 30 mins (e-i) after 
ion bombardment for; 0 mins (a and e), 2 mins (b), 5 mins (c),
40 mins (d), 4 mins (f), 8 mins (g) 12 mins (h), 20 mins (i),
Peak assignment after Brundle et al196.
700 702 784 70G 1M TI* *71? 7H 71« 7l« 720 
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V
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3
Examination of the iron 2d /2 spectra after various etch
times indicates that an iron (II) component tapidly becomes
apponent (fig. 6 , 1 1  (b)). After five minutes ion sputtering
the iron (II) and iron (III) components are of approximately
equal intensity, (fig 6 . 1 1  (c)) and remain so throughout the
series. Hie peak shape of fig. 6 . 1 1  (c) and (d) is characteristic 
189of magnetite , and as it is observed close to the original 
metal/metal oxide interface it seems likely that this oxide was 
formed on the steel surface during the pre-heating of the panel 
prior to coating. On stripping in the iodine solution and 
subsequent transfer to the spectrometer the outermost atom layers 
would have been oxidised to the higher valence state, giving the 
characteristic iron (III) peak shape prior to ion bombardment, 
fig. 6 . 1 1  (a).
Examination of the XPS spectra obtained from a heat-treated 
polished steel panel shows that ferrous iron is present close to 
the metal oxide/atmosphere interface (fig. 6 , 1 1  (f)), but the level 
of these species is not as great as on the stripped polymer/oxide 
film. On approaching the metal/metal oxide interface metallic 
iron becomes apparent in the spectrum (fig. 6 . 1 1  (i)).
Hius, approaching the oxide film formed on mild steel at 240°C 
from either direction yields the same spectroscopic information, 
that magnetite (Fe^O^) forms the bulk of the oxide film. Hie 
prescence of ferric ion prior to ion bombardment in both cases being 
due to surface oxidation to the higher valence state.
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Although the spectroscooic studies of the cured film do not 
yield any conclusive evidence as to the type of curing agent used, 
a small broad band, characteristic of a hydroxyl group is present 
in the infrared spectrum. This would be expected if a tertiary 
amine were employed for curing. Although IRS is not sensitive 
enough to detect the small quantities of amine or other nitrogen 
bearing species, XPS indicates a small amount of nitrogen to be 
present in the cured film. This level of nitrogen is consistent 
with the small quantity of tertiary amine (typically 1 -2 %) 
which, could be employed to cure an epoxy resin.
The lap shear specimens, although failing at different loads, 
all show similar failure routes, the relative proportions of 
adhesive and cohesive failure varying according to specimen size 
and method of preparation, the exception being the second stage of 
the 3Qipm x 10mm specimen.
The locus of failure is probably close to the oxide/polymer
interface, since some iron is detected on the "polymer” surface of
the large specimens exposed to shear failure; because the fracture
path passed into the oxide at high points on the metal surface. The
crevices of the substrate would remain filled with polymer, and it is
worth, noting in this context the relatively high level of nitrogen
on both fracture surfaces. This may be due to segregation of nitrogen
43to near surface sites, a phenomenon invoked by Dickie et al in their 
study of an epoxy-amine coatings systems. On the other hand, the
6 . 6  Discussion
nitrogen content of the free enoxide surface (nominally 1 %, section
6.3), may have been artificially depressed by the presence of an 
organic contamination layer. Whilst scraping the surface would 
remove these layers, thus providing a bulk analysis, and this is 
indeed found to be much lower in nitrogen than the interface. The 
second stage of failure of the large specimens is clearly cohesive 
in the bulk polymer, due to distortion of the test piece having 
changed the loading configuration here from shear to mixed mode 
shear and clevage.
The failure of the smaller specimens prepared with a hot 
secondary panel is similar to that described but no iron is seen 
on the polymer surface, indicating that the fracture path is 
alternately in the polymer and at, or very close to, the polymer/oxide 
interface. The situation envisaged is illustrated schematically 
in fig, 6 .1 2 , the re-entrant cavities, undoubtedly present on a 
blast cleaned surface, have been omitted for clarity.
epoxy coating 
locus of fa ilure
iron oxide 
steel su b s tra te
20yum
Fig, 6,12, Schematic representation of the failure mode of an 
epoxide coating on grit blasted mild steel.
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Tlie regions between the peaks exhibit cohesive failure of 
the polymer, while at the asperities of the surface profile 
adhesive failure is seen.
The reason for the observation of this type of failure is 
undoubtedly the mechanical interlocking provided by the blast 
cleaned surface. If similar tests were performed on Smooth, for 
example diamond polished, surfaces the locus of failure would, in all 
probability, be close to, but not at the interface, as found for 
the polybutadiene lap shear test specimens.
Thus both surface chemistiy and surface profile ulay an 
important role in coating^to-substrate adhesion. Bikerman maintains 
that adhesive failure will only occur in the case of improper joints,
i.e. those exhibiting weak boundary layers. Of the three sets of 
specimens tested, the batch assembled using a cold secondary panel 
wuld seem the obvious candidate for this accolade. The surface 
contaminant layers;present on the steel surface do not.react with 
the substrate or coating, as they were shown to in the case of the 
polybutadiene coating. Minimal, if any, oxide growth has occurred, 
as evidenced by the presence of metallic iron in the snectrum after 
fracture. Thus it is possible these layers remain at the interface 
and provide a potential fracture path; if this had been the case 
it is likely that true adhesive failure would have occurred with no 
polymer remaining on the metal surface.
A more lilcely explanation is that the cold panel rapidly cooled 
the polymer at the interface thus preventing complete cure and providing
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a rather novel form of weak boundary layer due, not to a 
contamination layer, but to a locally defective adhesive material.
The loading geometry will certainly have influenced the failure 
mode in all the lap shear tests but as the object of these 
experiments was to assess the quality of the coating/substrate 
bond their use is considered to be acceptable. Other test 
configurations may well leave different thickness of polymer on 
the metal substrate; it has been shown that in 90° peel tests 
some 5Cnm of polymer remains on the substrate surface, a replical 
of the original metal surface being seen on the epoxy surface 
indicating the adhering layer of polymer to be uniform across the 
surface profile
Examination of the oxide film present on iron after heating 
in air at 240°C for 30 minutes, both when stripped from the parent 
metal after coating, and when examined in-situ, shows it to be 
predominantly magnetite. Trivalent iron is present on both exposed 
surfaces, this is ascribed to oxidation on transfer to the spectrometer 
rather than a bulk effect present at the coated, oxidised, steel 
interphase.
Having characterised the chemistry and mechanical failure mode 
of an epoxy coating on steel, and developed a means of coating thin 
sheet attention was turned to the cathodic disbondment of this system.
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7. Cathodic Disbondment of an Epoxy Line Pipe Coating
7.1 Introduction
The effects of protective cathodic potentials on the adhesion of a 
commercial can coating have been described, and the investigation will 
now be extended to a study of the cathodic disbondment of the epoxy powder 
coating system described in the preceeding chapter.
A preliminary survey of the results obtained showed that the surface 
condition of the steel substrate had had a marked effect on the rate of 
delamination. For this reason the results pertaining to the interfacial 
chemistry of cathodic disbondment are reported in four sections, one for 
each surface preparation method employed. A detailed study of the 
kinetics of the disbondment process was carried out using one class of 
surface treatment : the lym diamond polished panels.
The pH of the test solution was monitored for some of the tests, as was 
the current flowing.
7.2 Experimental
7.2.1 Interfacial Chemistry of Cathodic Disbondment
The mild steel panels were coated as described in Chapter 6 . The experimental 
set-up was essentially the same as that employed for the study of the 
cathodic disbondment of polybutadiene, but certain modifications were 
made in an effort to improve the long-term stability of the system, bearing 
in mind that times of up to six months w^ ere to be used. To reduce 
evaporation from the cells they were covered with 4"x3" glass slides, the 
silicone grease used for sealing the electrolyte ring to the panel was 
replaced with silicone gasket cement. The potential of the cells was checked 
two or three times a week and. it became apparent from the interface analysis
in early experiments that the solution was becoming contaminated 
with potassium ions from the reference electrode. This problem 
was overcome by washing the electrode in distilled water before 
use; the use of a conventional salt or agar bridge to connect the 
reference electrode to the cell was rejected owing to doubts about 
the long teim stability of such devices.
After polarisation for the required length of time the test,was stopped, 
the electrolyte ring removed, the panel washed in distilled water and 
stored in a vacuum desicator for at least 24 hours. The extent of 
disbondment was assessed by cutting the coating radically outwards 
from the defect and peeling back the disbonded polymer as shown in 
Figure 7.1.
knife cut s
polym
peelec
position of 
electrolyte ring
coated panel
Figure 7.1. Assessment of the extent of delamination of the epoxy 
coated panels following cathodic polarisation.
The radius of disbondment was recorded. The area of disbonded .polymer
was then cut away and specimens for XPS analysis prepared from substrate
and coating. As the disbonded region invariably approximated to a
circle the area of disbondment was calculated from the radius, an 
2allowance lQmm being made for the area of the initiating defect.
It was judged that the added accuracy which could have been gained from 
the use of photographic methods was not warranted.
Each specimen for XPS analysis was given a unique code number consisting 
of three parts : the panel code (DIO etc) M or P to represent the 
metal or polymer surface, sequential number to represent 1 st, 2nd or 
3 rd .(specimen taken from a particular substrate or coating (numbered 
outwards fran the defect). Thus D25M3 is the third specimen taken 
frcm the substrate after cathodic polarisation of panel D25.
7.2.2 Kinetic Studies of Cathodic Disbondment
Disbondment cells were set up using lym diamond polished mild steel 
panels coated with the epoxy. After the required length the test 
was stopped and the disbondment area determined in the usual way.
7.3 Interfacial Chemistry of Cathodic Disbondment: Results
7*3.1 Diamond Polished Substrate
The XPS analyses of specimens frcm the delamination experiments carried 
out on lym diamond polished steel substrates are presented in Table 7.1. 
Positions of the Cls and Ols photoelectron peaks are given, the most 
intense component of a peak being listed first. Analysis of the Ols 
spectrum is -.complicated by the presence of a sodium Auger peak about 
5eV away (at a binding energy of 535-536 eV). To investigate the 
position and relative intensity of this Auger peak further a sodium
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chloride standard was examined in both Al Ka and Mg Ka radiation.
The 01s region recorded using aluminium radiation is shown in Figure 
7.2(a) on switching to magnesium radiation the NaKLL Auger peak is 
removed to another part of the spectium (Figure 7.2(b)). The relative 
intensities and peak positions of the photoelectron and Auger peaks 
of the sodium chloride standard in AlKa radiation are given in Table 
7.2.
01s NaKL/|l_23
BECEV1 XI
Figure 7.2. 01s region of a sodium chloride standard excited by
(a) AlKa , and (b) MgKa radiation.
190
1
C
C
M
M
E
N
T
S
N
i
t
r
o
g
e
n
 
n
o
t
 
d
e
t
e
r
m
i
n
e
d
 
b
u
t
 
p
r
e
s
e
n
t
 
on
 
w
i
d
e
 
s
c
a
n
r z
■ 1
h - CO o OO VO VO VO
1
03
V) • . . • . * • * *
i-1 o NT o NO rH O CO O CO
O NO NO NO NO NO NO NO NO NO
LO LO LO LO LO LO UO LO LO
g
1— 1
Eh
n (/) O  vO o O  VO O O  LO O  VO O O  vO o
00 i— 1 « » . « . « . . . . • • • •
O  > o LO CO LO LO oo LO LO 00 LO CO LO LO OO LO
P m 0 oo oo O0 00 oo OO OO 00 OO oo oc OO CO COV--> CO CO CO CO CO CO CO CO CO CO CO CO CO CO
1! 03 i h oo rH o LO CO NO CO
rH . • . . • . • «
o o o rH i— 1 NO o o O o
LO CO LO CO OO CO VO vO oo
TO • . . . • . • • •
g rH 1— 1 CO NO NO NO CO CO rH
LO rH c- CO O
o\° g 1 . i • 1 • .
CO CO rH rH rH CO
u
1— 1
VO
o I— 1 o CO <— 1 . Csl \D NO
< 0 . . . . . CO • * •
P h oo o 03 o 1— 1 o 03 O
VO oo I— 1 LO 03 tN- NO H - vO♦ . . . . . * • •
o LO 03 03 '=3* rH rH rH H* i— 1
NO I— 1 NO CO ■<=4* LO CO H* CO
I o o LO LO CO NO O 03 iH
1 • • . * . • • • .
u H- LO c- CO IN c H- iH H-
LO c- VO NO C— H* C—
P m
O
00 §
p o  e o o O o O CO CO CO CO
R  w  s CO CO CO CO CO rH y rH rH
5  OO /
c n
5 Q
0 1 0
g 8
NI o N
,JP t-H
g •p ■P t/) p O  P
o u d •H o d
H-i 0 m  0 T) 0 0 0  0
M-l °  £ d m bO &
o  § 0 rQ < u  o 0 rrj rQ
IH <C Tj 0  s O  lO hi! ©  d z
H  P m — P  o — o
1— 1 p *P po 0  p p P  rO
00 TO P! to bo d TO
o 0 0  >H HO 0 0 0  *H
P m g nq 3  s g g  xs
00
O
H <
: 3 o o O o o 03 03 03 03
LO LO LO LO LO rH t— 1 rH i— i
9 p
5 r
I£=< tH <H CO CO NO \— 1 rH CO CO
o P m <rrM P m
i?i
s P m P m
w m LO UO LO &) 03 STi 03
CO CO CO CO CO CO CO CO CO
m <H — 1 r~\ rH O' ...i— i .. Q  _ ■ ■ r-i . . f1 ~*~1
Tab
le 
7.1
 
Ca
th
od
ic
 
di
sb
on
dm
en
t 
of 
epo
xy 
co
at
in
g 
on 
1 
ym 
di
am
on
d 
po
li
sh
ed
 
st
ee
l.
-191-
Origin Peak Position (eV) Relative intensity
Cls 285.0 _
01s 532.4 -
Na 2p 31.1 7.6
Na 2s 63.9 15.5
Na Is 1072.6 94.2
NaKL23L23 497.4 100
NaKLlL23 536.4 25
Cl 2p 199.3 -
Table 7.2. Peak position and intensities (relative to NaKL23L23 = 100) 
of a NaCl standard in AlKa.
Throughout this work the Nals photoelectron peak was used for 
quantification. The relative intensity of the secondary. (KL1L23) sodium 
Aiger peak is 25% of the main (KL23L23) peak in aluminium radiation compared 
with 43% in Mg. Ka;' the theoretical value is 33% for both radiations. Because 
of the relatively low levels of sodium encountered in this tork the effect 
of this Aiger peak on the 01s spectrum was, in general, merely an apparent 
increase in the background signal on the higher binding energy side of 
the peak. It was, however, resolvable as a peak in its own right in sane 
of the spectra, this peak has been observed by other workers and incorrectly 
ascribed to molecular water^’^ .
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To return to the disbondment experiments. On removal of the epoxy 
coating at the end of the test both panels showed a characteristic 
silver halo, l-2mm wide, around the defect. The remainder of the 
disbonded region was the same golden colour, observed on the steel 
after the pre-heat prior to coating.
The silver colouration indicates a reduction in oxide thickness at 
this part of the panel. Unfortunately,the halo region was too small to 
be analysed by XPS unless some form of selected area instrumentation 
(e.g. 76) could be employed. Further results and discussion of this 
phenomenon are presented in Section . 7.4.2.
The XPS results (Table 7.1) show the metal substrates after disbondment 
(’M! codes) to be consistently clean, i.e. compared with the results 
obtained for alkaline cleaned surfaces (p. 90), the carbon levels are 
low (* 50%) and the iron levels high. Nitrogen was observed on all 
substrate surfaces, even one which showed an exceptionally low level of 
carbon, (D2941, C = 30.3%). Since nitrogen isnot detected on the 
preheated panels (p. 98-99) it appears that some nitrogen species frcm 
the polymer remain on the substrate following cathodic delamination.
The concentration of sodium is always greater than the amount of chlorine 
detected indicating that underfilm alkaline conditions prevail. In the 
case of panel D29 this excess of the cation varies frcm 1.6 to 3.3%, 
the other panel showing a much snaller excess of the alkali ion. The Cls 
spectra from the metal substrate always show the shoulder, if not a 
well defined peak, at 288.SeV, ascribed in chapter 4 to the presence 
of polar C = 0 groups on the heat treated surface. Such groups were 
shown, by mathematical modelling and comparison with angular resolved 
XPS spectra to be lying adjacent to the metal oxide surface.
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The polymer Cls peaks at 285.0 eV show no sign of this carbonyl 
component, but like the spectrum of the epoxy standard they are all 
slightly assymetric as a result of the ether linkages present.
The 01s spectra from the substrate surface show the main component 
to be at 530.4 eV i.e. oxygen as the oxide, the exception to 
this is D25M3 which shows a large excess of hydroxide. All the peaks 
can be deconvoluted to resolve a component at 531.8eV'attributable 
to hydroxide oxygen, this component is typically 50-60% of the intensity 
of the main oxide peak. In sane cases the spectrun showed considerable 
broadening and the sodium KL1L23 Auger peak could then be deconvoluted 
from the 01s photoelectron peaks.
The polymer surfaces all show 01s spectra similar to that of the 
epoxy standard.
The 01s spectrum of D2IM3 is alone in being centred at 531.8 eV and 
visual inspection shows it to be scmewhat broader than the other 01s 
substrate spectra. By deconvolution into its component singlets it 
is possible to gain an insight into the chanical changes which occur at 
the disbondment front. Figure 7.3 shows the 01s spectra obtained near 
the defect and at the disbondment front of panel D25 and Table 7.3 shows 
the results of the deconvolution of all oxygen spectra in this way.
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Figure 7.3. Ols spectra of substrate (a) near defect, (b) at
disbondment front. Deconvolution resolves components due 
to; (from L to R) oxide, hydroxide, epoxy.
Near the defect the major component is oxide oxygen (61%) with sane 
oxygen due to hydroxide (39%). At the disbondment front the amount 
of oxide is reduced, now accounting for only seme 21% of the oxygen 
signal, hydroxide becomes the dominant Component (54%) and there is 
a component at 533.2 eV characteristic of the epoxy coating (25%).
Thus there seems to be a small amount of epoxy remaining on the substrate 
after delamination. The carbon level, Table 7.1, has not risen 
dramatically but the concentration of iron is half that seen on the 
other specimens from the same panel.
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Specimen Oxide Hydroxide Epoxy %0 in surface analysis
D2SM1 61 39 0 35.6
D25M2 62.5 37.5 0 39.1
D2S43 21 54 25 41.9
D2941 57 43 0 21.3
D29M2 57 43 0 21.6
Table 7.3. Relative proportions of oxide, hydroxide, and epoxy 
in Ols spectra.
7.3.2. Alkali Cleaned Substrate
The results of the delamination experiments on epoxy coated alkali 
cleaned mild steel panels are presented in Table 7.4.
The shape and position of the coating Cls and Ols spectra are in 
good agreement with those obtained for the polymer standard. The 
presence of small amounts of iron on the polymer surface indicate the 
presence of iron oxide, the oxide component is, however, not 
resolvable in the Ols spectrum owing to the large amounts of polymeric 
oxygen present for these samples.
The outer surface of the polymer was examined and shows a large excess 
of chloride ions in contrast to the interfacial surfaces which always 
show an excess of the cation.
To further investigate ionic uptake by the polymer, a piece of the free 
film (prepared as described in Chapter 6) was inmersed in 0. 5?f NaCl 
for seven months and then analysed by XPS after vacuum desication for 
24 hours. One sample was cut from the film and analysed whilst the other
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was scrapped under argon prior to surface analysis. Hie results 
obtained are presented in Table 7.5.
* Atomic %
C 0 N Na Cl
As soaked epoxy 78.0 20.3 2.0 0.1 0.5
After Scraping 74.3 23.9 1.5 Trace 0.3
Table 7.5. Surface analysis of 3M 206N epoxy-coating immersed in 
0.52M NaCl for seven months.
The Cls substrate spectra all exhibit a higher binding energy component. 
For the 79 day exposure panel this component is at 288.6 eV as 
observed on the diamond polished surfaces and attributed to carbonyl 
species present on the metal oxide prior to coating. In the case 
of longer exposure the subsidiary peak is now at a binding energy 
of 289.2 eV, which is too high to be due solely to carbonyl species 
and is more likely to be the result of carbonate deposition at the 
interface. XPS analysis of an analar sodium carbonate standard yields 
the following data regarding peak separation:
Cls (C03) - Cls (C-H) = 4.4eV
Nals - Cls (C05) - 782.0 eV.
Both D2M1 and D21M2 show a Cls peak separation of 4.2 eV and a
Nals - Cls (CO^ ) value of 782.OeV and 781.8 eV respectively identifying
2-the presence of (CO^ ) at the interface. The peaks at 289.2 show a 
slight assymetry on the lower binding energy side indicating that the 
C=0 polar groups may still be present.
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The interfacial substrate Ols spectra all show components due to both 
oxide and hydroxide. Deconvolution and curve synthesis have been 
employed to tabulate the relative amounts of each component (Table 7.6). 
A deconvoluted spectrum is shown in Figure 7.4.
Specimen Oxide Hydroxide %0 in surface analysis
D im 46 54 50.8
D13M2 62.5 37.5 37.6
D21M1 47 53 53.4
D21M2 .37,5 62.5 53.2
Table 7.6. Relative proportions of oxide and hydroxide in Ols spectra.
013M 2 1
Figure 7.4. Deconvoluted Ols spectrum showing (L to R) oxide, hydroxide 
and NaKLL Auger peak.
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Thus all 01s substrate spectra show evidence of both oxide and 
hydroxide, the hydroxide component usually being the more intense.
One specimen (D13M2) shows a low level of hydroxyl ions and also a 
much greater concentration of carbon at the surface, indicating a 
larger proportion of polymer on the surface not sufficient, however, 
to be resolvable in the 01s spectrum.
7.3.3. Emery Abraded Substrate
The surface analysis results are presented in the usual manner in Table 
7.7. All the 01s spectra from the substrate surfaces have been 
deconvoluted to give the relative intensities of oxide and hydroxide 
components. These are given in Table 7.8.
Specimen Oxide Hydroxide %0 in surface analysis
D12M1 45.5 54.5 44.0
V1M2 55.5 44.5 48.1
D.17M1 62.5 37.5 52.0
D17M2 59.0 41.0 46.7
D17M3 62.0 38.0 44.1
D22M1 47.0 53.0 53.5
D22M2 34.0 66.0 50.5
Table 7.8. Relative proportions of oxide and hydroxide in 01s spectra.
Once again, there is a well defined peak, in addition to the Cls line 
at 285 eV, in all the Cls spectra, the position of this second component 
varying with position on the test panel, i.e. with the time exposed to 
the test solution. All the specimens taken from near to the initiating
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defect show a peak separation of 4.2eV attributed to sodium carbonate 
as discussed in the previous section. Those taken fran, or near to the 
disbondment front show a smaller peak separation, typically 3.6 eV, 
indicating once again the presence of polar organics.
To further investigate the distribution of the carbonate species depth
profiling of specimen D12M1 was carried out by argon ion bombardment
together with sequential XPS analysis. A Na2C02 standard was also
sputtered with 3KeV argon ions to assess any ion induced changes in surface
composition; the only change was the expected reduction in adventitious
carbon. The depth profile for specimen D12M1 is shown in Figure 7.5. The
2 -relative contribution to the Cls signal by (CH^ ) and (C0~) was 
estimated by consideration of the heights of the two components. The 
level of chlorine has been omitted from the compositional depth profile 
of Figure 7.5 but was 2-5 atomic % throughout. The level of sodium was 
surprisingly high; greater than is usually seen for the delaminated 
epoxy specimens.
The change in the Cls peak shape of specimen D12M1 with etch time is shown 
in Figure 7.6, the intensity scales have been normalised to represent 
all spectra on a common axis. The most striking feature of this 
montage is that the carbonate component at 289.2 eV remains at the same 
intensity throughout the etch sequence, whilst the methyl component 
(285 eV) decreases until it is of approximately the same intensity 
as the higher binding energy peak, and thereafter no change in Cls 
peak shape is observed.
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Figure 7.6. Change of Cls spectrum with etch time (normalised
intensity scales).
IN
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The very close similarity between the Cls spectra of D12M1 and 
the Na2C0g standard is illustrated in Figure 7.7.
BECEVT XI
Figure 7.7. Cls spectra of D12M1 after 20 minutes A1B (solid line) 
and Na2C0g after one minute A1B (dotted line).
The only differences being attributable to the better signal-to-noise 
ratio of the standard spectrum; peak position and width match very 
closely indeed.
The effect of ion bombardment on the 01s peak is shorn in the montage 
of Figure 7.8. The 01s doublet gradually changes shape as the oxide
-204a-
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ccmponent becomes more apparent as depth profiling proceeds. The
NaKLL Auger peak remains at the same intensity throughout the depth
2_profile, which is in agreement with the (COg) component of the 
Cls spectra of Figure 7.6.
Deconvolution of the 01s spectra before ion bombardment and after 
60 minutes A1B is shown in Figure 7.9.
Figure 7.9. 01s spectra (a) before ion bombardment, (b) after 60
minutes sputtering. Components are: (left to right) oxide, hydroxide, 
(and carbonate), NaKLL Auger peak .
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The mam .difference is the increased proportion of oxide present in 
the spectium after the longer etch time, pointing to an hydroxide 
overlaying the substrate oxide which is gradually removed by ion 
bombardment.
Returning to the Cls spectra, the polar carbon component observed at
288.6 eV is not seen in the etch sequence, indicating that it has been 
overgrown by oxide, hydroxide or carbonate deposits, or that it has 
been displaced frcm the surface completely. In this context it is 
worthy of note that the carbonyl like component is always present close 
to the disbondment front, i.e. at the surface most recently disbonded.
7.3.4. Grit-Blasted Substrates
Cathodic disbondment experiments were carried out using grit-blasted 
substrates and panels which had been immersed in a 2% H^ PO  ^solution 
following blast cleaning.
Table 7.9 gives quantitative XPS analyses for the grit blasted surfaces. 
As in previous sections the Ols spectra from the steel substrate 
specimens were deconvoluted to assess the relative proportions of oxide 
and hydroxide in the spectrum, the results are given in Table 7.10.
SPECIMEN OXIDE HYDROXIDE % 0 in ANALYSIS
D1CM1 37.5 62.5 41.8
D18M1 41.0 59.0 50.8
D2CM1 41.0 59.0 48.8
D23M1 45.5 54.5 51.4
D27M1 50.5 49.5 50.8
D27M2 48.5 51.5 52.2
Table 7.10. Relative proportions of oxide and hydroxide in Ols Spectra.
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Ccmplementary results for the epoxy coating applied to a phosphated 
grit blasted steel substrate given in Tables 7.11 and 7.12.
Specimen Oxide Hydroxide Epoxy %0 in Surface Analysis
D14M1 36 55.5 8.5 47.7
D i m 43 57 0 44.3
mmi 39.5 52.5 8 40.5
D2(M1 39.5 60.5 0 42.9
Table 7.12. Relative proportions of oxide, hydroxide, and epoxy in 
Ols spectra.
In curve fitting the Ols spectra it was sometimes necessary to use four 
singlets, (including the Na KLL Auger peak which was always considered to 
obtain a good fit), to obtain an acceptable match to the experimental data. 
This additional component was characteristic of epoxy at a binding energy 
of approximately 533.2 eV. The presence or absence of a resolvable component 
at this position in the Ols spectrum should not, however, be taken as a 
hard and fast indication of the presence of epoxy residue on the substrate 
surface, but merely that it has reachdd a level at which it is resolvable 
in the Ols spectrum. Traces of epcxy are possibly present on seme of the 
substrate surfaces examined in this investigation, but at a lower level.
The presence of nitrogen in the spectrum may provide a useful indication 
of epoxy residues in such instances.
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There are several points within the results for the two sets of specimens 
presented in this section which it is useful to highlight. The majority 
of specimens show a minor Cls component at 289.2 eV, indicative of 
sodium carbonate as discussed previously, in the case of the panel 
tested for 197 days it was possible to remove two specimens from within 
the disbonded region for XPS analysis. The subsidiary component of the 
Cls spectrum of the specimen taken frcm close to the initiating defect 
was in the characteristic carbonate position, but the specimen taken 
frcm close to the disbondment front showed a subsidiary peak at the 
slightly lower binding energy of 288.8 eV. This is typical of the behaviour 
seen on the alkali cleaned and emery abraded substrate, the polar carbon 
being gradually replaced in the spectrum by a carbonate component.
If attention is now turned to the organic coating applied to an inorganic 
conversion coating it is apparent that the immersion time of the steel 
panel in the acid solution has a small but significant effect on interfacial 
chemistry. In the case of the substrate immersed in phosphoric acid for 
two minutes the usual Cls component is seen at 289.2 eV, the phosphorous 
levels seen on the interfacial substrate surfaces are similar to that seen 
on the uncoated panel (1.5%), while the phosphorous concentration at the 
interfacial polymer surface is considerably lower (0.2-0.4%). For the 
ten minute immersion treatment there is no well defined subsidiary Cls 
component. The phosphorous level is generally much lower than either 
the substrate surface prior to coating (2.5%) or the value discussed above. 
The Cls spectra of the two and ten minute immersion specimens prior to 
coating both show a subsidiary component at 288.8eV as shown in Figure 7.10.
-2 1 1 -
Figure 7.10. Cls spectra of grit blasted, mild steel immersed in
H^ PO^  for 10 minutes (solid line) and 2 minutes (dashed line).
As the disbondment experiments were not carried out with the specific 
aim of assessing the effect of acid immersion time on the rate of 
delamination, it is only possible to estimate the effect of increased acid 
immersion time on the delamination process. It seems that increasing 
the phosphating time from two to ten minutes reduces the disbondment rate 
by 15-30%.
7.3.5. Interfacial Chemistry of Cathodic Disbondment-Collation of Results
So far the results have been reported according to the surface profile 
(i.e. pre-treatment) of the substrate so that analytical results from, 
each specimen can be readily identified. In this section, the results
-212-
are collated and presented graphically in the form of surface concentration 
of a particular element versus the roughness factor of the surface profile. 
This procedure enables the surface treatments to be ordered in a ' 
systematic way so that any trends which depend on surface roughness will 
be seen. Results are presented in this manner in Figures 7.11 - 7.17 
for the concentrations of carbon, oxygen, sodium (corrected for chlorine), 
iron, and nitrogen on the substrate surface, and iron and nitrogen on the 
polymer surface.
The results from the conversion coated panels have been included at an 
arbitary Ra value df 4, although this obviously has no experimental 
significance. The data points ard numbered to identify specimens frcm 
the same panel; a bar under or over the number indicates the relative 
position of the specimen.
From Figures 4.11 - 7.17, two points are immediately apparent. There is 
a large amount of scatter on the data, the amount of scatter for each 
surface treatment is generally greater than the difference between results 
for different Ra values. The results for the emery abraded substrates 
usually show a positive or negative excursion frcm what, in most cases, 
is a fairly unifoim scatter band. For the results from substrates treated 
with a phosphoric-:acid wash there is a strong tendency for the amount 
of scatter on the data points to be reduced. This is probably a 
reflection on the differing surface chemistries of the steel prior to 
coating; all the unphosphated steel panels show similar surface analyses 
after pre-heating, the surface profile playing the more important role 
in controlling the delamination rate. For the panels pre-treated after 
a phosphoric acid wash the surface chemistry may became more important.
The microchemistry of the delamination process is better defined, and 
consdquently there is less scatter on the data points.
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Figure 7.11 Substrate carbon Figure 7.12 Substrate oxygen
n - near defect
n - near disbondment front
n - inbetween
K e y
a-d iam o n d  polish, b - e m e r y  abrasion  
c - a lka li  c le an ,  d - gr it blast, e -g r i t  blast ♦ H3PO4
Ra value
Figure 7.13 Substrate sodium Figure 7.14 Substrate ircn
corrected for chlorine
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Ke.y
a -d iam on d  polish, b - e m e r y  abrasion  
c -a lk a l i  c le an ,  d - grit  blast,  e -g r i t  blast ♦ PO,
R a '  .a lue
Figure 7.15 Substrate nitrogen
i JRa value
a b c
Figure 7.16 Coating iron
near defect
near disbondment front 
inbetween
bulk c o n c e t r a t io n
Figure 7.17 Coating nitrogen
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The results which provide a useful insight into the relative amounts 
of adhesive and cohesive failure present are the plots of iron and 
nitrogen versus Ra for both substrate and coating. The concentrations 
of nitrogen show no clear, trend, but an unusually high level on the 
emery abraded substrate is mirrored by a significantly lower level of 
iron than is generally detected. This points to an increased proportion 
of cohesive failure of the polymer for these specimens. For both coating 
and substrate the amount of nitrogen is, in most cases, higher than 
that detected in the bulk analysis (p. 168), this is in agreement with 
the hypothesis of Section 6.6 that there is segregation of nitrogen 
to the near surface sites.
The concentration of iron present at the coating surface (Figure 7.16) 
provides a clearer indication of the manner in which the locus of 
failure varies with surface treatment. As the Ra value increases so 
the scatter band diverges to higher values. Clearly as the roughness 
of the substrate increases so more cohesive failure of the oxide is seen. 
The phosphated'panels show a very low level of iron on the polymer coating 
with very little scatter.
So far, only the relative proportions of oxide and hydroxide in the Ols 
spectrum have been defined. To convert these to quantitative values 
is a relatively simple matter, and the values of the concentrations of 
oxide, hydroxide, and epoxy are presented as a proportion of the total 
surface analyses in Table 7.13.
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The data of Table 7.13 is presented graphically in Figure 7.18, although 
there is no hard and fast conclusion to be drawn frcm these results 
there is a general trend which shows an increase in hydroxyl ion concentration 
near the disbondment front.
2,6 
2,4 
2,0
«  1,6
A o
S  1>2
io,S 
0,4 
0
defect  » disbondment front
position on panel
2 -Figure 7.18. Relative [OH ]/[0 ] as a function of position on panel.
Because of the size of the specimens needed for XPS analysis (*lGnrnx8mm)
?and the nature of the analysis itself (an average analysis from 10-20nm ), 
the excess of hydroxyl component is not always clearly defined, and two 
panels appear to show an excess of oxide as the disbondment front is 
approached. However in the case of the polished panel treated cathodically 
for 50 days (D25; Table 7.1) three specimens could be prepared, the one 
taken frcm close to the disbondment front (D25M3) shows seme 20% hydroxyl 
concentration and a 9% oxide component.
In the case of the grit blasted substrate there is always an excess of 
hydroxyl component. For the grit blasted substrate treated with phosphoric 
acid some of the oxygen is associated with the conversion coating. This 
will occur at the same position in the spectrum as oxide oxygen (*530.2 eV) 
but will not interfere with the estimation of hydroxyl and epoxy components.
—  diamond polish
J-------------------------------------------------------1-------------------------------------------------------L
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The sodium levels associated with these high hydroxyl ion concentration
2-surfaces tends to be higher than for those where the 0 /OH ratio does 
not change across the specimen. It seems reasonable to assume that some 
of the OH" is associated with sodium to yield the alkaline underfilm 
conditions, and some is associated with hydrolysis of the surface iron 
oxide.
On comparison with the sodium levels recorded in the investigation of the 
delamination of polybutadiene it can be seen that those for the epoxy 
system are somewhat lower even after much longer exposure time, and reaching 
comparable levels on the grit blasted specimens after exposure times of 
100-200 days (compared with 10-15 days for polybutadiene).
A feature present on all panels was a silver/grey halo some l-2mm wide 
around the initiating defect, this appeared to be independant of time 
of test, or surface pre-treatment.
7.4. Kinetic Studies of Cathodic Disbondment
7.4.1 Results
As was seen in the previous section, the rate of delamination of the epoxy- 
coating is strongly dependent on substrate surface profile. This can 
be illustrated by a plot of disbonded area versus time for the five 
treatments investigated (Figure 7.19), the area being calculated as 
described in Section 7.2.1.
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Figure 7.19. Disbondment area vs. time relationships for the five 
pretreatments investigated.
As the disbondment experiments were designed with the production of 
specimens for XPS analysis in mind, they were usually run for several 
weeks and hence data available for short times is limited to those systems 
which disbonded rapidly i.e. the polished substrate. In this analysis of 
the data the immersion times of two and ten minutes for the H P^O  ^wash 
has been ignored and the four data points are grouped together.
In an effort to relate the rate of delamination to the substrate surface
2 -Iprofile the rate of delamination (in mm day taken as the slope of the 
curves of Figure 7.19) was plotted against Ra value, Figure 7.20.
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Figure 7.20. Effect of surface profile on disbondment rate.
A strong correlation between surface profile and disbondment rate is seen, 
the efficiency of the phosphoric acid wash treatment in reducing the rate 
of disbondment is readily apparent.
This treatment of disbondment kinetics assumes that the rate of delamination
1:7
varies linearly with time. It has been reported that for both epoxy 
and polybutadiene coatings on steel and gold substrates, the rate of 
delamination during cathodic polarisation is rapid in the initial stages 
but decreases with increasing time. To investigate the initial stages of 
cathodic disbondment of the epoxy coating, a series of diamond polished 
coated steel panels were polarised in the usual way and the extent of 
disbondment was recorded after various exposure times. The results of 
these experiments are given in Figure 7.21 and it is clear that the 
disbondment rate is not linear with time. The data of Figure 7.19 is 
shown as a dashed line.
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Figure 7.21. Disbondment area vs. time for 1 ym diamond polished,
epoxy coated panels.
Initially, Figure 7.21 shows the disbondment rate to vary linearly with
2 - Itime at a rate of about 6mm day, thereafter the rate rapidly increases,
2 -1approaching and passing the value of Figure 7.19 (* 25mm day ). This 
behaviour may be considered analogous with a phenomenon encountered in 
corrosion science; the linear region being equivalent to an induction 
period of some type whilst the region of increasing delamination rate is 
comparable with breakaway behaviour. By plotting the data of Figure 7.21 
on a logarithmic scale (Figure 7.22) it is clear that the delamination 
kinetics show a logarithmic dependence rather than the well defined two 
stage process suggested by the data plotted on a linear scale.
-223-
Figure 7.22. Data of Figure 7.21 plotted on a logarithmic .scale.
7.4.2. Oxide Reduction During Disbondment
One feature, characteristic of all test panels irrespective of surface 
pre-treatment, was the development of a silver/grey halo region, l-2iun 
wide around the defect. This is shown for diamond polished substrates, 
cathodically polarised for two and nineteen days in Figure 7.23. The 
dimensions of the halo were independent of exposure time and thus for the 
two day test most of the disbonded area is silver in colour, while for 
the longer texm test the silver halo is a relatively snail proportion of 
the disbonded area. In this case, the majority of the region had the
224-
Figure 7.23. Cathodic disbondment test specimens after 2 and 19 days 
exposure. Note bright "halo" around defect.
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same golden colour that it had prior to coating. The blue/grey 
band surrounding the halo of the nineteen day test is not characteristic 
of all samples and is presumably due to oxide thickening as observed 
in the polybutadiene studies.
Although the halo tended to be a constant size the shape did vary 
with defect geometry. One of the panels where the defect sides were 
more bevelled than usual showed a larger silver region and it was 
possible to remove a specimen for surface analysis from this zone.
The surface composition as deteimined by XPS was as follows:
C = 28%, 0 = 57%, Fe » 13%, Na = 1.3%, Cl = 0.7%, N = 0.4%.
The Fe2p3/2 spectrum is of interest (Figure 7.24) as a metallic iron 
component can be seen along with the more usual iron (III) contribution.
i -  1*F e
Figure 7.24. Iron 2p3/2 spectrum from the "halo" region of a 
disbonded panel.
The low levels of carbon and nitrogen in the surface analysis shows 
the failure to be truly adhesive, the iron signal is correspondingly
r
high while the sodium level is somewhat lower than usual. The presence 
of metallic iron'in the spectrym shows the thickness of oxide on the 
metal substrate has been greatly reduced, accounting for the colour
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change from golden to silver.
This process of oxide reduction was identified in the investigations 
of polybutadiene on steel and it has been shown that for such feduction 
to occur, at the potentials employed in this study, a very high pH must 
be attained. The measurement of underfilm pH requires fine electrodes 
and a complex experimental set up, but it is possible that the pH of 
the bulk solution will increase as a result of the cathodic reduction 
of oxygen;
H20 + |C>2 + 2e 20H
and will provide an indication of pH changes which may occur during 
disbondment.
Four cells were set up using diamond polished, emery abraded and grit 
blasted coated substrates, and a cell in which the coated steel cathode 
was replaced by a copper wire to assess the pH changes that occur during 
the electrolysis of 0.52M NaCl. The variation of electrolyte pH with 
time for these four cells is shown in Figure 7.25.
tim e (days)
Figure 7.25. Electrolyte pH as a function of time for a) polished, b) 
emery abraded, c) grit-blasted, steel coated with epoxy, and d) copper 
wire. All polarised cathodically - 1500 mV (vs. S.C.E.).
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The current flow for the duration of the experiments was as follows:
grit-blasted substrate i = 12.9 mA
emery abraded substrate i = 12.0 mA
diamond polished substrate i = 10.7 mA
Copper cathode i = 30-45 mA
There were fluctuations around these values as the tests progressed 
and the potential drifted, but as the potential was re-set to -1500 mV 
so these values were re-established. This indicates a decrease in 
current density as delamination proceeds. In the case of the Cli/Pt 
cell the fluctuation was much greater; the potential drifting some 
100-150 mV in the noble direction over 24 hours.
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7.5.1 Interfacial Giemistry of Cathodic Disbondment
The interface analyses show that, within experimental scatter, interface 
composition does not vary with substrate pretreatment. Hence it is 
reasonable to assume that the mechanism of disbondment of epoxy on mild 
steel is independant of surface profile (the one exception to this 
generalisation being the conversion coated panels where phosphate deposits 
significantly alter the microchemistry of delamination). The different 
levels of carbon concentration on either side of the fracture path shows 
that the failure is essentially adhesive. Some iron is transferred to the 
polymer, the amount increasing with substrate roughness (Fig 7.16). This 
is consistent with the failure of protruding asperities. Epoxy is seldom 
seen on the substrate surface, (epoxy can be ressolved from the 01s 
spectrum as shown in Fig 7.3), and the occurence of such residues (seen 
in 3 out of 26 substrate analyses, table 7.13) will be discussed later 
in this section. The proposed failure routes for smooth (diamond polished) 
and rough (grit-blasted) substrates are shown schematically.in Fig 7.26.
7.5 Discussion
(a)
(b)
Fig 7.26. Failure route for the cathodic disbondment of epoxy from a) 
polished, and b) grit-blasted, mild steel.
All the substrate compositional plots show a positive or negative 
excursion from the scatter band for the emery abraded specimens. This 
is thought to be associated with substrate surface topography; the surface 
before coating shows a well defined texture, the variation in surface 
analysis results may be a result of the orientation in which the specimen 
is analysed in the spectrometer (i.e. with the texture parallel or normal 
to the axis of the instrument). The disbondment zone alwrays approximated 
to a circle and specimens were removed after disbondment with a view 
to producing as many as possible from each panel. The anisotropy apparent 
from Figs 7.11 - 7.15 did not come to light until the results were 
presented in this format.
Since the interface chemistry is independent of the method of surface
preparation the results can be treated as a single set for the purpose
of discussing the failure mechanism. In this discussion it should be kept
in mind that the rougher surfaces will have been immersed for much longer
times, viz up to six months for the grit blasted surfaces but only 20-50
days for the polished substrates. Considering the substrate side of the
failures. The Cls spectra have a main component at 285eV due to
adventitous (methyl) carbon and a minor peak at 288.6eV, this is the polar
(carbonyl-like) carbon, identified on the panels after heating and discussed
at length in chapter 4 (pill et seq). On longer term tests however, this
carbonyl component is replaced in the spectrum by a minor peak at 289.2eV
This is indicative of carbonate residues and comparison with a standard
Na^O^ spectrum shows good agreement (Fig 7.7). Depth profiling studies
have shown that such carbonate deposits exist in an island like
distribution, (Fig 7.6, 7.7). The origin of these deposits is the
dissolution of atmospheric carbon dioxide in the test solution and subsequent
precipitation as Na^ /O^ . An alternative explanation favoured by Dickie et 
43al is that such residues are due to rapid degradation of the. urea crosslinke
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employed in their resin, by the cathodically generated hydroxide.
Bearing in mind the time dependency of the Cls changes observed in the 
present investigation, the results do not support this viewpoint.
Interpretation of the 01s data is hampered by the complexity of the hydroxide 
component. Whereas the oxide component seen at a binding energy of 
=^ 530.2eV, on the preheated surface, can be unequivocably assigned
to oxygen from the substrate oxide, the peaks at 531.6-531.8eV, often 
the main components after deconvolution of the 01s spectra, may originate 
from three possible sources. Firstly they may be due to iron hydroxide 
produced by hydrolysis of the substrate oxide, they may arise from 
cathodically generated hydroxyl ions associated with sodium to yield the 
underfilm alkaline conditions, finally they may be due to the oxygen 
components of the carbonate deposits, present at the interface for the 
longer term tests. In any eventuality there is considerable evidence that 
the oxide surface is altered during disbondment but not, on the evidence 
of the iron spectra, reduced, except around the initial defect as discussed 
in Section 7.4.2.
Considering now a series of XPS analyses from a polished steel panel, the
delamination process can be modelled by consideration of the changes
observed in surface chemistry, following disbondment, relative to position
within the disbonded zone. A typical panel was cathodically treated for
250 days (panel D25, Table 7.1) and gave a disbonded zone of some 1250mm , 
which allowed three substrate and two coating specimens to be prepared for 
XPS analysis. The substrate specimen taken from the disbondment front 
is one of the few that shows the presence of epoxy on the metal surface; 
this is probably due to cohesive failure of the coating ahead of the
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disbondment front when the coating was removed to assess the extent of 
delamination. Although this is not important from a cathodic disbondment 
viewpoint it is a clear illustration of the ability of XPS to differentiate 
between organic and inorganic oxygen.
All the substrate Cls spectra of panel D 25 show a subsidary peak at 
288.6eV thus carbonate deposits are not present. In all five samples 
there is an excess of sodium over chloride ions which although very low, 
(0.6-0.8% for the substrate and 1.1-2.1% for the coating), is quite 
definite, indicating that underfilm cathodic conditions prevail during the 
test. In each case there is a higher excess near the disbondment front, 
pointing to a high concentration of hydroxyl ions at the tip of the ‘ 
disbondment crevice. The contribution of such hydroxyl ions to the 01s 
spectrum will be small and is swamped by the contribution from the iron 
hydroxide. The substrate analysis from the disbondment front is that 
whiclj is most closely indicative of the interface chemistry at the instant 
of disbondment. The 01s spectrum from this location shows a large signal 
from the epoxy (10.5%) and hydroxide (22.6%, the majority being due to 
iron hydroxide) with a relatively small component due to the oxide (8.8%).
Hie other two substrate analyses show up changes in surface composition 
subsequent to disbondment. They have a similar elemental composition but 
show a large excess (*10%) of oxide oxygen over the hydroxide component. 
From this set of data it can be concluded that the alkaline conditions at 
the periphery of the disbondment zone are responsible for the rupture of the 
oxide to polymer bonding, concurrently the substrate oxide is converted 
to a hydroxide. As delamination proceeds so the exposed oxide thickens,
as described previously in the study of polybutadiene on mild steel
101 102(Chapter 5) and by other workers using ellipsometry 9
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All the chemical changes referred to above follow naturally as a 
consequence of oxygen reduction within a slowly extending crevice.
However this does presuppose the prior existence of a crevice as the 
initiating defect. . Evidence for the mechanism by which the initial crevice 
forms is believed to be seen in the bright halo surrounding each starting 
defect. The extent of this halo region was independant of surface profile 
but was seen to vary with defect geometry. It is proposed that oxide 
reduction occurs in the defect at the oxide/metal interface where only an 
air formed oxide film is present the reduction process continues along 
the oxide/metal interface until for some reason the failure path crosses 
to the oxide/polymer interface. In considering the processes that could be 
responsible for this transition one mast remember the stresses that will 
undoubtedly be present in the film after curing. The presence of a holiday 
in the film will create a different distribution of stresses in that part 
of the coating, the geometry of the defect influencing the magnitude of 
such a stress field. The larger the defect (or more bevelled the sides) 
the more gradual the change in stress distribution as the holiday is 
approached. As the substrate oxide is reduced in the manner described above, 
so such stresses are released, and a point will be reached at which the 
polymer "lifts" a small distance from the substrate and the fracture path 
.passes through the oxide to the oxide/polymer interface. This process 
creates a crevice at the substrate coating/coating interface which allows both 
the development of the high pH necessary for disbondment and the continuing 
easy access of sodium ions, unlike the abrupt junction between polymer 
and metal oxide originally present at the holiday.
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Thus the width of the bright halo is a function of defect geometry; 
a small parallel sided defect yields a small halo; (l-2inn wide, as observed 
in the majority of tests reported here). A larger more bevelled defect 
will show a much larger halo region reflecting the gradual change in 
stress distribution. The latter result was observed by chance in this 
investigation but allowed the unambiguous identification of reduced 
thickness iron oxide on the substrate.
7.5.2. Cathodic Disbondment of an Epoxy Coating From Conversion Coated 
Steel.
Whereas the delamination of an epoxy coating from the native oxide of a 
mild steel substrate has been shown to be mainly adhesive in nature, 
when the substrate is pre-treated in some way to form an inorganic conversion 
coating there may be a change in the failure mode. In this investigation 
a dilute phosphoric acid wash treatment has been used; panels were 
exposed to this procedure for either two or ten minutes prior to the usual 
coating pre-heat. In the subsequent analyses following cathodic 
disbondment tests, epoxy residues could be identified on the substrate 
surfaces, indicating that some cohesive failure of the polymer had occurred, 
a feature which was not observed in the other cathodic disbondment tests.
In coinnon with these tests, however, iron could be detected on the polymer 
surface, indicating some cohesive failure of the substrate.
Although there are certain similarities between the disbondment of coatings 
from panels with a long or short acid immersion, there are also certain
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differences in surface chemistry and the Fe/P ratio of Table 7.11 gives 
a good indication of these. Hie Fe/P ratios show a clear demarcation between 
the disbondment results from panels treated for two and ten minutes.
In general the two minute specimens give Fe/P ratios of 1.2 - 2.7 while 
the ten-minute immersion time yields values of 3.5 - 7.8. These differences 
are greater than the variations between metal and polymer sides of the 
fracture interface which are remarkably similar. Hie Fe/P values for 
uncoated but heat treated standards were 8.1 (two minutes) and 4.5 (ten 
minutes). Hiese variations being due to the partial overgrowth of the 
phosphate deposit by iron oxide in the case of the shorter immersion time, 
as discussed in Chapter 4 (p. 101). On further examination of Table 4.3 
it is apparent that prior to heat treatment the shorter inmersion time 
specimens had a value similar to the ten minute sample (which was little 
affected by heat treatment).
Comparing the Fe/P ratios from the disbondment experiments it is clear that 
ten minute specimens yield values which compare well with the standard value 
of 4.5. Hie two minute disbonded specimens (Fe/P=1.2 - 2.7) show values 
markedly different from that of the heat treated standard (8.1) but not vastly 
dissimilar to the unheated two minute and both ten minute standards.
In all cases the substrate surface assay of iron and phosphorus is much lower 
than the standards; nitrogen is also present and in some cases characteristic 
epoxy groups can be identified by curve fitting of the 01s spectra.
The similarity of the Fe/P values with standard data and the presence of 
epoxy on the substrate surface indicates a mixed mode failure. The fracture 
path passing from the phosphate deposit into the polymer, similar to the 
failure mode described for ;the lap shear joints in the preceeding chapter .
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Thus when failure occurs phosphorus and epoxy can be detected on both 
metal and polymer surfaces. The excess of phosphorus for the Fe/P 
ratios of the two minute specimen when compared with standard results 
.may well be a result of phosphate dissolution and re-precipitation in the 
underfilm alkaline environment. It has been shown, both by electron 
microscopy and traditional analytical techniques, that a commercial
zinc phosphate (hoepite, Zn^  is attacked by an alkaline
. 241solution
The largely cohesive failure, rather than the usual interfacial separation
seen when the polymer is applied to a substrate without such a conversion
coating points to the formation of a much stronger interfacial bond when
the coating is cured in contact with the phosphated surface. Hie use
of a phosphoric acid wash did not lead to changes in surface topography,
241seen for instance when a commercial phosphating treatment is used 
The improved interface stability must, therefore, be a result of improved 
chemical bonding between the substrate and coating rather than a result 
of better mechanical interlocking or "keying".
As only two panels received each treatment it is not possible to comment 
on the effect of immersion time on disbondment kinetics.
7.5.3. Hie Kinetics of Cathodic Disbondment
The kinetics of delamination are clearly dependant on surface profile 
as shown in Figs 7.19 and 7.20. As the Ra value is only a measure of 
the deviation from a mean base line a more accurate means of defining 
the path length was sought. To this end a tortuosity factor x, is 
defined; this is the ratio of the actual length of the surface 
profilometry trace (as determined with a map measure) to the apparent 
length along the surface. Values of x are listed in Table 7.14 along 
with the Ra values.
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Surface Treatment Ra ( pm) X
1 pm polish 0.05 1.0
emery polish 0.85 1.6
alkali clean 1.70 1.8
grit blast 3.80 4.7
Table 7.14. Surface roughness expressed as Ra and t for the 
surface treatments employed.
In order to assess the ability of x to relate to disbondment kinetics ■ 
a delamination veolocity (D^.) has been calculated for each 
disbondment test, using the formula
%  = disbondment radius (mm) x x
disbondment time (days)
The individual and mean values of DR are presented in Table 7.15.
Surface Treatment Dr (mmday ^ ) Dk *
1pm polish 0.4, 0.6 0.50
emery abrasion 0.4,0.3,0.3 0.36
alkali clean 0.4, 0.3 0.33
grit blast 0.4,0.3,0.4, 
0.4, 0.4
0.38
* Dr Calculated from DR values correct to 3 significant figures.
Table 7.15. Values of delamination velocity (DR) for the data of 
section 7.3.
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The mean values of vary little with profile, the polished surface being 
somewhat higher than the other three. This result gives confidence to 
the philosophy of a constant disbondment velocity (D^ *) for the epoxy/iron 
system under the test conditions employed. The overall mean value of 
D^. is 0.395 inmday"7, and thus a value of D^.* = 0.40 ± 0.08mm day 7 does 
not seem unreasonable. Obviously expressing a crack propogation rate 
in such units is rather clumsy, (although it does allow the disbondment 
rate to be easily envisaged), converting to the more usual S.I. units 
for such a quantity; D^.* = 5 ± 1 nms
With a knowledge of crack propogation rate the rate of exposure of 
disbonded polymer can be calculated and thence the flux of hydroxyl 
ions. By the application of Ficks law of diffusion the concentration 
gradient necessary to sustain disbondment at this rate can be inferred.
If disbondment proceeds at a rate~of 5 nms 7 the area exposed per 1cm 
of the periphery of the disbondment zone per unit time is given by:
5 x 10“9 x 10"2m2s“7
19 -2Assume density of atomic sites =10 m
-11 1Q -1 8-1Rate of exposure of such sites = 5x10 xlO s = 5 x 10 s ....2
If there is one OH per site, flux of OH is given by:
No of sites/second 
N
where N is Avrogadro’s number
flux OH" = 5xl08 moles s~7
6x10^ 3 ~ !015 moles s 7  3
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A1though the actual crack opening during disbondment is not known, 
lpm would seem to be a reasonable estimate. It has been shorn,
when measuring cathodic protection levels under disbonded coatings, 
that the geometry of such a crevice has little effect on the potential 
gradient within it. The flux of OH per unit area,J , is
10“15 _n-ll -2-1 . —r- = 10 moles cm s  4
10“4
24?
Ficks Law can be expressed as J = Ddc
dx
-5 2 -1A value for the diffusion coefficient D, of 10 cm s is reasonable
243for the system under-consideration here, , then concentration gradient 
dc is given by:
dc = ICf11 = 10~6 m , -3 -1_  - moles cm cmax 10-s
dc = 10 3 moles dm 3cm 1 ... 5
■ Hx
To sustain a rate of disbondment of 5nms~3 a concentration gradient 
near the disbondment front of 10 0 moles OH per litre per centimetre 
is necessary, i.e. a pH of at least 11.
Evidence that higher pH values are produced in the disbondment process 
are seen, a) in the increase in pH of the bulk solution with time, and 
b) in the cathodic reduction of oxide. It is this latter process which 
initiates the crevice and, as has been established by other workers, large 
pH excursions arise within crevices. Initially, however, the high pH 
is developed at the oxide metal interface and has no access to the 
polymer/oxide junction. Following stress cracking, or complete dissolution 
of the oxide,contact is established between the alkali and the metal-to-
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polymer bonds. Hydrolysis will then proceed providing sufficient 
hydroxyl ions are generated within the crevice to sustain a concentration 
gradient of the order of 10~*3 moles dm 3cm 3.
The current density required to achieve a crack propogation rate 
of Snms 3 can be calculated by calculating the number of electrons 
required to achieve the flux of OH of equation 3.
No. of electrons = 6 x IQ23 = 6 x 103 s-3  6
1035
1910 electrons per second = 1 amp
8 -2current density required = 6 x 10 Acm
lC?9
= 6 x 10 33 Acm 2  7
Thus the current flow is unlikely to be rate limiting as the value of 
equation 7 is negligible compared with the values of recorded during 
cathodic disbondment experiments (p. 227).
This dependence of delamination kinetics on path length points to 
diffusion of mobile species along the substrate/coating interface being 
rate controlling; as the epoxy is undoubtedly permeable to oxygen and water, 
the diffusion of sodium ions, and the production and migration of hydroxyl 
ions will control the rate of delamination. Provided the required 
concentration gradient is maintained, as outlined above, coatings 
delamination will continue. It is now possible to extend the model proposed 
as a result of the interface analyses, and consider the delamination 
process in terms of the cathodic generation of hydroxyl ions.
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Initially such ions are produced only at the holiday, the subsequent 
increase in pH leads not only to an increase in the pH of the bulk solution, 
but also reduction of the substrate oxide to produce the characteristic 
silver halo. As reduction proceeds so the area of the cathode increases 
and consequently the concentration of hydroxyl ions. At a critical 
point, dependent on defect geometry, the locus of failure changes from 
the metal/metal oxide interface to the polymer/oxide interface which allows 
alkaline attack of the polymer-to-oxide bonding, cathodic delamination 
occurs if the flux of hydroxyl ions is sufficient.
As described above a pH of about 11 is needed to achieve delamination, 
compared with a value of * 13.5 to achieve oxide reduction; consequently 
hydrolysis of the oxide/polymer bond occurs in preference to oxide 
dissolution. As the coating disbonds so the freshly generated polymer 
surface absorbs alkali from the solution and the pH of the bulk solution' 
levels out (Fig 7.25).
Thus the rate of delamination is dependent on the rate of production 
of hydroxyl ions, which in turn is a function of cathode area. This 
reasoning may be expressed as:
2
Area = A when time = t
integrating
InA = kt 4
where k = constant.
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Thus a logarithmic dependence of disbondment area with time is 
predicted. The investigation carried out with polished, coated panels, 
shows that such a dependence does exist (Fig 7.21). It seems, therefore, 
that the philosophy of equation 1 is correct, at least in the initial 
stages of failure when mass transport within the disbondment crevice 
is relatively easy. In the later stages of disbondment, however, a linear 
relationship, A = bt, where b = constant, is seen (Fig 7.19).
It is useful at this point to return to the data of Fig 7.19 and estimate 
the time for halo formation (assuming a halo area of 40mm ), and superimpose 
these values on the pH:time curves of Fig. 7.25. Times of 2.5, 5 and 
20 days can be predicted for the polished, abraded and blast-cleaned 
surfaces respectively. These points all fall close to the "knee" 
in the data of Fig. 7.25, indicating that once substrate/coating separation 
is achieved the bulk pH no longer increases, because of absorption of
4“ M.Na and OH by the freshly exposed polymer. Although sodium is present 
at both the coating inner and outer surface, and can be detected by XPS 
it is absent from the bulk of the film. EPMA results front a cross-section 
of a sample of disbonded polymer are shown in Fig. 7.27. They were 
obtained by positioning the electron beam at either the middle or edges 
of the coating and turning the crystal spectrometer through the NaKa, K$ 
region of the spectrum.
- i
“380)im
Fig. 7.27. X-ray spectra of the NaKa, K$ region, from the middle and edges 
__________of a sample of disbonded polymer.
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Although the sodium is absorbed at both inner and outer surfaces it does 
not migrate through the bulk of the film in the time of the tests. The level 
of sodium at these inner and outer surfaces are a result of cathodic 
polarisation, as portions of the free film soaked in saline solution 
for several months absorb only small amounts of both sodium and chlorine 
(Table 7.5). The interfacial coating (and substrate) surface always shows 
an excess of sodium ions reflecting the underfilm cathodic conditions; the 
outer surface revealed a large excess of the anion. Whether this is the 
result of some form of charge balancing across the film, or merely a 
reflection of the easier adsorption of chloride ions by the polymer, was 
not investigated further. If the former process is occurring it may be 
possible to develop it into a novel means of monitoring interfacial pH, 
by estimating the concentration of chloride ions at the outer surface of 
the film.
7.6 Conclusions
The rate of delamination of 3M's 206N epoxy coating initially varies 
logarithmically with time, the magnitude of such a disbondment rate is 
a function of the substrate surface profile. As the path length increases 
so the apparent disbondment rate decreases. Hie mechanism of failure, 
however, is independent of the substrate surface profile.
Hie earlier stages of cathodic disbondment are characterized by the
reduction of the substrate oxide around the defect to a distance of l-2mm,
at this point the locus of failure passes from the metal/oxide interface to
the oxide/polymer junction. Here the cathodically generated underfilm
alkaline environment attacks and ruptures the polymer-to-oxide bonding
-3provided the required concentration gradient of hydroxyl ions of 10 
-3 -1moles cm cm is attained. The freshly exposed polymer absorbs alkali 
from the solution and the increase in the pH of the bulk solution is
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arrested. Hydro]./545 of the substrate oxide occurs, but as the disbondment 
front moves radially outwards so oxide growth occurs.
The failure of the coating-to-substrate bonding is mainly adhesive, 
although some nitrogen is invariably detected on the metal substrate 
following delamination. As the substrate surface profile increases 
so does the proportion of cohesive failure of the oxide.
This proposed failure mechanism is summarised schematically in Fig. 7.28.
in the case of the grit-blasted substrates treated with a 2%HgP04 
solution the rate of delamination is significantly reduced. The 
immersion time in the acid solution influences the microchemistry of 
delamination, a mixed mode failure being seen, iron at the fracture 
surfaces being associated with the phosphorus rich deposit.
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Fig. 7.28, Stages of cathodic delamination of epoxy coating. Initial 
attack is at the metal/oxide interface, (a),this is followed by dissolution . 
of the substrate oxide, until residual stresses in the polymer lead to lifting 
of the film allowing alkaline attack at the oxide/polymer interface, (b). 
Adhesive failure at the oxide'polymer interface follows, (c). Hydrolysis of 
the substrate oxide occurs at the edge of the crevice, alkali is absorbed by 
the coating as delqmination proceeds.
8. The Delamination of Polymer Coatings from Cathodically Protected
Steel Surfaces: General Discussion.
The principal objective of this work, to obtain direct evidence of the 
failure mode of polymer coatings on steel has been achieved. XPS as 
a technique has proved ideal for characterising surfaces, distinguishing 
failure modes, and monitoring the uptake of specific ions. The question 
which remains is to what extent general principles can be drawn from the 
results of the two specific polymer systems investigated in this work.
One surprising aspect, apparent from this study, in the light of recent 
publications from North American automobile manufacturers and steel 
producers (e.g. refs. 22-29), is the relative unimportance of steel 
cleanliness on the subsequent failure mode. This insensitivity was 
observed for both systems but is attributed to a different mechanism for 
each coating. In the case of polybutadiene resin the hierarchy of polar 
and non-polar carbon and of water is present when the polymer is applied, 
but no trace of these adventitous species are found after failure, and 
there seems little doubt that they are engulfed and dispersed as the 
divalent iron bearing interphase zone is formed. In the case of the powder 
sprayed epoxy coating the hierarchy is displaced during pre-heating of 
the substrate. XPS was able to show that steel surfaces bearing markedly 
different levels of contamination initially were remarkably similar 
after such a conditioning process.
However the results from the phosphate treated panels indicate that 
delamination behaviour is not totally independent of substrate surface 
chemistry, the phosphate/epoxy bonding being more resistant to the 
cathodically generated alkali than that between iron oxide and epoxy.
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The delamination experiments showed that the locus of failure was 
more complex than hitherto envisaged and, as expected, different from 
the failure modes observed in the respective lap shear tests. One 
aspect of the characterisation of failed metal/polymer bonds which became 
apparent was that the definition of an adhesive failure was determined 
by the resolution of the analysis technique employed. This is illustrated 
by the results of the lap shear tests on polybutadiene; to all intents 
and purposes the failure was adhesive but surface analysis of the 
'metal' side of the failed joint showed a continuous overlayer of polymer.
In the cathodic delamination of both systems the initial attack is at the
metal/oxide interface; this is probably a result of the ready availability
of electrons at the cathodic metal surface, leading to the subsequent
dissolution of the oxide, which provides a crevice for the alkaline attack
at the polymer/oxide boundary. Disbondment then takes a different path :
where the oxide is thick and the polymer strong and possibly stressed,
the locus of failure switches to the polymer/oxide interface. Where
the oxide is thin and underlying an interphase zone a two stage failure
process may be observed. A truly adhesive failure is seen as blister
formation, the interphase zone segregating with the polymer, outside the
blister the polymer is weakened adjacent to the interphase but not
completely detached. An interesting observation is that the latter type
of damage is reversible and can heal if the polymer is allowed to dry
for several days. This phenomenon has also been observed by Leidheiser
244working on the same system , but it has yet to be rigorously investigated; 
a possible avenue for further research.
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Hie recognition of an interphase zone in a polymer/metal system is believed 
to be new. It may be unique to polybutadiene, and had no equivalent in 
the epoxide system. However, there seems no reason why the formation 
of such an extended interface should not occur whenever a reducible 
oxide interacts with a polymer which cures by oxidation at a moderate 
temperature.
Some of the techniques developed during the course of this work will be 
of general importance. In particular, one would cite the iodine/methanol 
stripping procedure to allow ion beam thinning and subsequent surface 
analysis from the metal/metal oxide interface. This method is now in 
routine use and has proved of particular benefit for thick (>1 pm) 
passive films.
Throughout the course of this work facilities have been available for 
Auger analysis, latterly in the form of scanning Auger microscopy (SAM), 
and attempts were made to utilise this technique where the spatial 
resolution afforded by AES would have been beneficial. The only successful 
use of AES was in the analysis of as-prepared steel surfaces (p. 95). 
Attempts were made to investigate the distribution of polymer residues 
on the 'metal' surface, assessment of oxide on the polymer side of the 
failure, and investigation of spatial distribution of the products of 
the phosphating process, but all met with failure. This was as a result 
of electrostatic charging of the specimens, even when a very low beam 
intensity was used, (typically a target current of 3-10nA). It is concluded 
that although AES and SAM are undoubtedly extremely valuable techniques 
for the majority of metallurgical investigations, XPS is better suited 
for the study of adhesion failures, especially where organic (or even 
thick inorganic) residues are involved.
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The pH achieved under the disbonding coating is very high. Oxide 
reduction (occurring at a pH of about 13.5) was observed for both 
systems but at different positions on the test panels. In the case 
of polybutadiene it was seen at the disbondment front, thus a high 
pH is needed to displace the interphase zone from the substrate. For 
the epoxy such reduction was only seen in the early stages, once the 
fracture path reached the oxide/polymer interface it was no longer 
apparent, thus a pH of less than 13.5 was required for delamination.
This high underfilm pH, characteristic of cathodic disbondment, may be
important from a stress corrosion cracking, as well as a coatings
viewpoint. Bearing this in mind it seems surprising that one imporant
avenue of research, largely left untouched, is the mapping of pH
contours beneath the disbonding coating. The two most promising methods
of achieving this are dynamically, by the use of a series of fine,
101 102underfilm pH probes 9 , or by the deposition and subsequent analyses
(by AES, SIMS or even EDXA), of a series of marker ions at the interface.
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9. Conclusions
X-ray photoelectron spectroscopy has been shown to be a technique 
admirably suited for use in the investigation of coatings adhesion and 
subsequent delamination. Its ability to yield chemical state information, 
applicability to polymers, and its ease of quantification have more than 
outweighed its only drawback as a surface analytical tool; its lack of 
spatial resolution. To achieve the full potential of any surface 
spectroscopy in such an investigation it is necessary to design the 
experimental programme (whether with the aim of defining locus of failure, 
or investigating the nature of interfacial bonding), around the technique 
rather than merely using the analysis facility as an adjunct to kinetic 
or mechanical tests. •
Similarly it is important to document the changes in surface chemistry 
which occur at each stage of the process; taking the steel and resin 
before application,, monitoring the changes that occur on stoving, and 
determining the locus of failure, after mechanical delamination, and 
finally, following cathodic disbondment. This approach necessarily requires 
darge amount of ’background1 experimental work to be carried out before 
it is possible to get to grips with the problem itself, but it is the only 
sure way of fully understanding the system.
Although specific conclusions for each particular phase of the experimental 
work are detailed at the end of the appropriate chapters, there are several, 
more general, observations which may be drawn from the investigation as a 
whole. Heat treatment, immediately before, or after application of the 
polymer, at moderate temperatures (200 - 250°C) promotes oxide growth and/or 
interphase formation, which greatly reduces the sensitivity of the polymer- 
to-metal bond to the initial level of surface contamination.
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Irrespective of the sequence of oxides, and other discrete chemical 
zones that exist between metallic substrate and bulk polymer, the 
initial stages of disbondment occur at the metal/metal oxide interface. 
This is observed as dissolution of the substrate oxide and leads to the 
establishment of a crevice around the initiating defect. Such a crevice 
may be important in establishing the geometry necessary for the generation 
of high values of underfilm pH, (evidence of pH values as high as 13.5 
was found in the case of the polybutadiene system). Subsequent failure 
occurs along loci of failure which vary according to the polymer system 
under consideration. Observations of failure on either side of the 
interphase zone, as well as adhesive failure at the coating/substrate 
interface have been recorded.
Throughout this work the conditions of application and cure of the polymer 
have been carefully controlled; future work should be undertaken to study 
the effect of other cure and post-cure procedures on cathodic delamination. 
For the epoxy system the level of residual stress within the cured film 
appears to play an important role in delamination, this is a topic worthy 
of further investigation. As discussed in the previous chapter, the 
determination of underfilm pH contours, and their correlation with the 
delamination process, is also a topic which merits urgent attention.
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